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GME RAL ARR,AN GMfTNT 
ROT I. INTRODUCTION. 
The present century has already witnessed a revol- 
ution as far reaching in its effects as that brought about 
by the development of the steam engine. Oil and the Internal 
Combustion Engine replacing or supplementing coal and steam 
have provided power so cheap and clean and convenient and 
made travel so easy and speedy that the isolation and incon- 
venience of life in the country have been largely removed, 
and rapid transportation ofnrn and materials by land or sea 
or air become matters of everyday routine. 
The development of the internal combustion engine 
responsible for these revolutionary changes has taken place 
along two well defined lines. On the one hand, the earlier 
type closely following established gas engine practice uses 
a compressed air-vapour mixture,i7nition being effected by 
electric spark or similar device. In the more modern develon- 
ment, a far-reaching departure from established practice has 
been made. Air only is compressed in the engine cylinder 
and liquid fuel of a refinement dependent principally on engine 
speed is injected into the cylinder towards the end of compress- 
ion. Combustion, effected by the heat of comnression, is 
initiated in the neighbourhood of the more finely divided 
lobules of fuel and rapidly snreads throughout the whole mass 
of the mixture. 
A study of the historical and technical development 
of this later type of internal combustion engine contained in 
2. 
:per entitled }'The Origin and Development of the Heavy Oil 
'mines' is submitted as part of the. present Thesis, and only 
brief reference will therefore be made to those features of 
development having bearing on the Research forming the subject 
of the thesis. 
. 
The most outstanding problems associated with oil 
engine development have been those dealing with the injection 
and combustion processes. Akroyd Stuart, who may be described 
as the T'a..ther of the modern oil engine failed to discover a 
solution; Diesel, with whose name the modern oil engine is 
usually associated shunned the difficulty by adopting air 
injection; and the multiplicity of deli °ns employed at the 
present day indicate that the problems are as yet unsolved. 
Injection and combustion are complementary factors 
in oil engine performance and unless full consideration be 
given to their associated effects, no study of the injection 
system can be looked upon as complete. Such a study calls for 
equipment and resources of exceptional magnitude and it would 
appear that the complete problem can most easily be solved by 
a reasoned correlation of results obtained from careful research 
into the separable factors. 
The present research carried out partly in the Uni- 
versity of Edinburgh and partly in the University of +:Testern 
Australia under the direction of Sir Thomas Hudson- Beare, '?e gins 
3. 
Professor of Engineering in the University of Edinburgh has 
been undertaken in an endeavour to throw fresh light on the 
injection process of the high speed oil engine using a fuel 
Dump of the Bosch Type and a spring loaded differential 
needle atomiser. The work has been confined to the inject- 
ion characteristics of the system, and no attempt has been 
made to elucidate the response of the engine to the influence 





















PART II. THE NATURTr, of the PROBLEM. 
Direct injection has superseded all other methods 
of introducing the oil into the engine cylinder and high 
engine speeds have demanded a pump capable of injecting min- 
ute quantities of oil in extremely short time-intervals with 
a high degree of precision. The initial problems of pump 
design were chiefly those of mechanical construction, and the 
successful solution constitutes a triumph for modern machine 
shop practice. There remain, however the hydraulic problems 
associated with rapid impulses imparted to a fluid column, 
and if the injection characteristics are to be accurately 
determined, the sirmificaince of their effects must be gauged 
under the widely varying conditions of engine speed and load. 
The most important factors are the compressibility, 
' elasticity, and inertia of the fuel column nnd the hydraulic 
resistsnce to flow through the system. These factors separ- 
ately or in combination will influence the quantity and 
distribution of the oil feed to the engine, and should there- 
fore be considered in conjunction with jet dispersion, flame 
propagation and engine performance. But, as mentioned in 
the introduction, the complete analysis is a research under- 
taking of considerable magnitude and for the present, it seems 
desirable to attempt refined investigation of the separable 
problems. The investi-ation of the pressure distribution in 
5. 
a spring loaded nozzle injection system which forms the basis 
Of the present research, has an intimate bearinF on the quant- 
ity and form of the oil discharge and is essential to an 
understanding of engine performance unc7er varying load and 
speed operations.. 
The nature of the flow from the -pump to the nozzle 
far from being the simple process assumed by early pump 
designers has been shown both by theoretical considerations of 
the hydraulic principles involved and by exneriment to be a 
most complicated phenomenon. 
. In a pump suitable for high speed engines, the nature 
of the pressure impulse in the fuel line is such as to involve 
consideration of the elasticity and inertia of the fuel as well 
as its compressibility. The flow of water under similar con- 
ditions has been extensively investigated and basing his calcul- 
ations on the work of Allievi Sass has developed a 
mathematical theory of the pressure variation at the injection 
nozzle of. a spring loaded jerk pump system. Under the condit- 
ions obtaining in a high speed injection system similar to 
th t under investigation in the present work, he shows that 
pressure propagation in the pipe line between pump plunger and 
nozzle is largely affected by pressure waves originating at the 
plunger, reflected wholly or ire part from the nozzle according 
to conditions of discharge obtaining there, and the process 
6. 
repeated alternately at pump plunger and nozzle with an 
intensity and duration varying for any nozzle setting 
with such factors as pump speed, plunger area, cam 
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In the system shown in Fig. I (reproduced from 
Sass' work) X is the pump plunger area Fo connected 
through the pipe of area f and length L to the nozzle 
B. The differential equations representing the -condition 
in the system are given as: 
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where V is the velocity of the fuel at time t at point 
Ix, measured from the pump barrel,Pis the density of the fuel 
and a the velocity of pressure waves in the system. The 
latter is eiven by o Y is the hulk modulue 
of the fuel and p the eensity. 
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In these latter equations, px and vx represent the pressure and 
velocity respectively at a point distmt x from the pump end 
of the pipe, L the length of the pipe and pk the initial 
pressure in the pipe. Pressure wave considered as originate 
ing at the pump end of the pipe and travelling with velocity 
!tall equal to the velocity of sound in the oil are repreeented 
by the functions ro W, 11 etc. , and using the nbove notatiOn, 
the pressure at any point x from the pump end of the pipe at 
any time t is given by the algebraic summation of the terms 
of the equation. 
(2) (3) ease and Pothrock have determined theoretically 
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the significance of the functions 7, etc. for standard 
injection systems, and the deductions compared with experi- 
mental results, show reasonably good agreement. 
Analytical investigations of the nressure and 
discharge characteristics have also been made by other work- 
ers including navies and elffen(11), and Farmer and Alcock(5). 
Mile the usefulness of such theoretical investigations 
cannot be denied in that they have been shown by experimental 
work to be basically correct, and therefore of value in inter- 
preting actual performance, it is equally proved by the same 
experiments that there exist in any particularsystem of inject- 
ion so many "built in" variables,that it becomes a matter of 
extreme difficulty to forecast its performance by analytical 
methods. 
Experimental work to determine fuel injection 
cliaracteristics has followed two main avenues. In the first 
procedure, that followed by JuhasV), '7chweitzeg), navies 
and Giffen(4) and other workers, the oil discharge rate was 
accurately measured throughout the injection by the now well 
established slotted disc method. 
The disc works on the stroboscopic principle. A 
slot of definite width in a disc driven at pump shaft speed 
cuts the path of the oil jet as it leaves the nozzle and the 
fuel ejected while the slot passes the nozzle is collected 
and measured. The phase angle at which fuel is collected may 
9. 
be varied over the -hole of the period of injection so enabling 
a curve of rate of injection per degree of rump angle to be 
plotted against pump-angle. hen converted to a curve of nozzle 
velocity against time, it becomes possible, knowing the char- 
acteristics of the nozzle, tO determine the pressure at the 
nozzle. 
Investigations on the lines set out above es)ecially 
if supplemented by a study of the form and distribution of the 
spray as carried out for instance by Juhez (8) provide inform- 
ation which is invaluable in the analysis of subsequent engine 
performance. 
The second method of attack which should logicelly 
form the complement to the foregoing employs a method of pres- 
sure measurement at two points in the fuel line. The first 
pressure measurement is taken as near to the ,,um n outlet as is 
practicable and the second close to the nozzle. By this means, 
it becomes possible to correlate pump action and nozzle nerform- 
ance, to determine the hydraulic conditions obtaining in the 
system and to interpret engine performance in so far as it may 
be influenced by such conditions. 
It was by this latter method of attack that the 
author decided, to make the investigations. At the outset, it 
was realised that a radical departure from the recognised 
methods of pressure measurement would be necessary to register 
accurately the large and rapid pressure fluctuations which 
10. 
occur in the fuel, line, and in the nrocess of such measurement 
to m:ke negligible the variation in the normal volume of the 
system. On the score of inertia and volume displacement, even 
the lightest piston end snring indicator was evidently unsuit- 
able, thus restricting the possible use of existing instruments 
to the oFarnboro9(9) or Hopkinson41°) types or to modificat- 
ions of these types. 
Certain work on the lines of that proposed to be 
undertaken had been carried out by several investigators using 
the above instruments suitably modified. Farmer and Alock(5) 
in a paper read before "The Institution of Mechanical ralgineerso 
describe briefly the use of the 07arnboron Indicator for fuel 
line measurements. In both the pacer and subsequent discussion, 
it is noted that this tyne of indicator is liable to give dis- 
torted results when subjected to violent pressure surges and 
that the pulsations of the indicator valve, causing it to act 
in the capacity of a hydraulic accumulator, unset the normal 
working of the injection system. 
Le-Yesurier and Stansfield(11) who 'lo made use of 
this instrument for fuel line measurements note that the 
recorded pressure is influenced by the friction of the moving 
parts and that this friction varies with the viscosity of the 
fuel used. They also note that there is an appreciable time 
lag due to inertia. An ooticar type of indicator has been 
(12) used by Berg and Rode in an extensive series of tests 
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carried out in the exnerimental department of the Deutche 
Werke Kiel A.G. In these experiments, a stiff diaphragm 
exposed to the on, communicates the pressure variation 
through small movements to a mirror which reflects a fine 
spot of light on to a rotating photographic film. 'hile 
the system adopted, judging from the published results, 
has considerable merit, it is evident that the necessary 
rigidity of the indicator limits accurate registration to 
the higher pressure variations. 
From the experiments of the above investigators, 
it would appear that the movement necessary to indicate 
pressure change must be exceedingly small, and the inertia 
of the intermediate linkage negligible. The only form of 
coupling which will meet the exacting condition is electrical 
in nature, and such a coupling is found ideally in the 
Cathode Pay Tube. 
In thia tube, an eleotron jet is produced from an 
oxide coated cathode and after passing between two pairs of 
mutually perpendicular deflecting plates, the focussed beam 
strikes a fluorescent screen giving a luminous spot. The 
beam may be deflected by suitable voltages applied to the 
deflecting plates. The problem of indicating the oil line 
therefore reduces to the conversion of pressure change and pump 
Motion in-to two alternating potentials and applying these in 
their correct phase to the Cathode Ray Tube. 
At the coymencement of the investigation, little 
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published work on methods for effecting such conversion was 
available, and the final decision was largely based on theor- 
etical considerations of established principles. 
A broad basis of differentiation of pressure sens- 
itive devices suitable for oil -line pressure indicating may 
at once be made in accordance with the nature of the separator 
isolating them from the working medium. A diaphragm is norm- 
ally employed for this purpose, and pressure conversion 
devices fs'1l into two classes depending on whether a light or 
ri :Id diaphragm is employed. A light diaphragm only fulfils 
the function of a separator and the pressure sensitive element 
must withstand the loads imposed. On the other hand, a rigid 
diaphragm the pressures irnnosed, the resulting dis- 
tortion being utilised to indicate the pressure change. 
A brief account of the principles considered is given 
under (I) Light Diaphragm and. (IT) 7i gid Diaphragm. 
(I) LIGHT r'M2 IPAGM. Pi ezo U ectri ci ty. 
In 1880, r. and ^. curie(13) discovered that certain 
crystals which were known to generate electric charges when 
heated or cooled also developed similar polarisation when sub- 
jected to stress. and that the charge induced was directly 
proportional to the pressure. Little use was made of the 
(14)and others phenomena until this century when Professor Cady 
introduoed ni e zo electric crystals for the control of high 
13. 
frequency oscillators. Many substances are known to exhibit 
the piezo electric effect, the best known being Rochelle Salt, 
quartz, and Tourmaline. 
In 1919, qir J.J. Thompson(15) suggested that as the 
quantity of electricity generated is directly pronortional to 
the pressure, the nressure of exnlosions Might be gauged by 
direct measurement of the quantity of electricity produced by 
crystels subjected to the pressure. He proposed the use of the 
Cathode Ray Tube in conjunction with crystals of tourmaline 
and this method was later employed by Keys 
(16) 
. 
The factors which seemed to make such a method 
particularly applicable to the proposed work were: 
(a) The employment of a light diaphragm might be 
expected to give a more sensitive indication of small pressure 
variations than would a rigid diaphragm. 
(b) Suitable proportioning of crystals and diaphragm 
should give sufficient charge to operate the Cathode Pay Tube 
-iith simple or no amplification. 
(c) Since output is directly proportional to the 
pressure, no electrical integration is necessary. 
(d) The deformation of quartz or tourmaline crystals 
even under high pressures would be so small as to cause negli- 
gible imrease in the normal volume of the injection system. 
On the other hand, the input impedance of the system 
14 
is high, a disadvantage which is however fairly easily over- 
come in a laboratory instrument. Again, the extent to which 
the output of the crystals might be affected by temperature 
variation, atmospheric conditions and pollution was problem- 
atical. 
(2) RIGID DIAPTIRAGn. 
(a) "esistance sile. -hen comsressed, a pile of 
resistance discs of carbon or similar material suffers a 
change in resistance and is thus able toproduce a current 
chance which in turn will produce a voltage swing across a 
series resistor. The change of resistance under compression . 
is largely a surface effect, and it was considered that the 
possible effects of atmospheric change on the operation of the 
pies() electric system could only be magnified in the case of 
the resistance pile. The change of resistance is only pro- 
portional to change of pressure over a very small range, and 
the system is liable to reach a saturated state where increase 
of pressure produces no further variation in resistance. Using 
carbon or similar material with low elasticity, the system is 
also subject to hysteresis effects. 
(b) gamala. A rigid diaphragm forming one of the 
plates of a condenser may, through its motion, be made to vary 
the capacity of an electrical system and thus create a voltage 
swing across a series resistor. The -.F. is proportionel to 
the aceeleretion of the moving diaphragm and thus requires 
electrical integration to give a eressure-time diagram. 
Owing to the necessity of keeping the volume change 
of the fuel line as small as possible, the condenser would 
necessarily be of small dimensions and thus the voltage swing 
would be small, requiring considerable amplification. Cali- 
leration of the system would also be a matter of some difficulty. 
As an alternative circuit, the insulated plate of the condenser 
might be coupled to the grid of an electrometer triode folloeed 
by suitable 11.C. am-olification, but if the instrument were to 
be used as a universal indicator, it would probably be necessary 
to provide for a varieble condenser gap as, eith the fine clear- 
P,TICOS necessary, a gap suitable for high preseures would be 
unsuitable for lower pressures. 
This alternative circuit has recently been adopted 
in the eetrovickenodds indicator (17) for measurement of spray 
valve lift end 1t has been Suggested as a suiteble method for 
the measurement of cyclic vibrations in engines. 
(c) 7arenetic. If the poles of a permanent magnet 
are separated from a rigid diaphragm by a few thousandths of 
an inch, the diaphragm vibrating in conformity with pressure 
changes in the system will vary the gap between it and the 
magnet and give rise to voltage- variations in coils wound on 
the magnet poles. Since these voltages are determined by the 
I6. 
velocity of the diaphragm, they are proportional to the rate of 
change of pressure in the system indicated and therefore re- 
quire electricel integration to give a true pressure-time 
diagram.. 
A very satisfactory esnect of this system in its low 
input impedance which is in the order of 1000 ohms, and there- 
fore no special precautions as to insulation or capacity of the 
leads from the magnetic pick-up need be taken. 
(d) photo-electric. If a rigid diaphragm be highly 
polished and light from a point source directed thereon the 
intensity of the reflected light as received by a photo-electric 
cell will be proportional to the curvature of the diaphragm, 
and the current in the cell will vary accordingly. It thus 
becomes possible with simple D.C. amplification to obtain a 
direct pressure-time relation. 
(e). Conductivity. If a fixed insulated electrode 
immersed in a fluid of low conductivity be set in close prox- 
imity to a rigid diaphragm separating it from the oil in the 
fuel line and acting as a moveable electrode, the movements 
of the diaphragm conforming to variations of pressure will 
vary the length of conducting path, and hence the resistance 
to an electric current passing between the electrodes. A 
fixed resistor pieced in series with this variable resistance 
will serve to produce a voltage change which may be imeressed 
17. 
on the grid of a suitable amolifier, and the amplified voltae 
change led directly or through a suitable condenser to the 
plates of the Cathode Ray Tube. 
possible contamination of the electrode surfaces 
and Varitions in the properties of the conducting fluid are 
questions which would require careful consideration in the 
adoption of such a system for pressure measurement, but due 
to the facility -iith which these factors could be guarded 
against the principle has been applied in the present research 
to the measurement of the spray valve lift. 
After full consideration of the principles outlined 
above, the author came to the conclueion that the advantages 
inherent in the use of a light disc in conjunction with piezo- 
electric cryst1,1s, including ability to transmit the finer 
pressure variations, and linearity of response justified the 
adoption of this system. Several indicators notably the 
Coss= (18) , Metrovick-Dodds and Standard-Sunbury (19) 
based on principles other than that adopted have since been 
evolved, and their ooerating characteristics, together with 
those of a piezo-electric system used by Rowe in the Univers- 
ity of London, have been described in an informal discussion 
held by the Diesel Engine Users' Association. 
12 
. 
In the comparison of-the various types the piezo- 
electric system apart from its admittedly desirable features 
18. 
of non-saturation and linear response appeared to suffer on 
the score of fragility and liability to error through 
electrical leakage. 
On the question of fragility, the author can state 
that the original crystals in the present research hove been 
used continuously epith only occasional removal for inspection 
over a period of three years, and have withstood hundreds of 
hours of work often under severe conditions of speed and 
loadine. The electrical leakage from the crystals and their 
associated amplifiers is however, a more disturbing factor. 
The meticulous care and cleanliness necessary to maintain a 
time-constent in the order of 30 minutes as required by 
(21) 
eowe' for his work on the effects of pressure release on 
injection almost precludes the use of the piezo-electric 
system for an extended series of observations. 
In the present series of experiments, the extreme 
period of the observed phenomena is about one fortieth of a 
second and the time constant, observed as 
1 /5 second, is 
considered adequate. To confirm this point, the delivery 
valve from the pump was removed to ensure that atmospheric 
pressure would obtain in the pipe on the cessation of delivery 
and photographic observations of the pressure at the pump 
and nozzle were made at low pump speed and large charge setting. 
Electrical leakage would be indicated by a drop in pressure 
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below atmospheric and as may be noted from the records shown 
in Pic. 3 is of very small magnitude. To obtain an atmos- 
pheric pressure-base, it was assumed that the oressure at 
the measuring point near the pump would momentarily be 
reduced to aporoximately atmospheric when the pump plunger 
registered with the suction part. Careful measurement of 
the ordinates between this assumed atmospheric base and the 
lift point of the needle valve show such ordinates to be 
sensibly constant for similar speed and load conditions, 
and, after making allowance for the inertia of the needle, 
and its associated equipment, to be equal, according to 
the pressure scale, to the particular injection setting of 
the needle. 
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PART III. MEICTUPTION OF APPAPATUS. 
S'OTIOTT A TTechenical Details: 
pump (Fig. 1). The pump used is n standard four- 
cylinder ?osch No. P.T. 4075/201 fitted with a 7 mm. plunger 
and standard Bosch type delivery valve. As only one cylinder 
was utilised, the delivery valves of the remaining three were 
removed, and their deliveries by-passed to the pump suction 
through a breeches-piece connecting their discharge ports. The 
pump plunger barrel and delivery valve were taken new from 
stock at the commencement of the experimental work. 
ßoeed Control. Originally, the hump was direct 
coupled to a 1/2 H.P. 1650 r.p.m. 220 volt. D.C. shunt round 
motor with constant field excitation and a regulating resist- 
ance in series with the armeture. An induction motor-generator 
set of 1.5 kw output at 220 volts was used to supply power to 
the fuel-pump motor. The method used of controlling the sneed 
of this motor was inconvenient, inasmuch as the inherent series 
characteristic imparted by the armature resistance made the 
speed dependent almost entirely on the load (or throttle opening 
with the result that adjustments had to be made to the rheostat 
for every alteration of throttle position. In addition, several 
other disturbing influences such as the gradual heating un of 
the regulating resistance and of the motor itself made the speed 
gradually creep from the initial set value. 
To overcome these drawbacks end at the same ti!le to 
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utilise existing equipment, it was decided to use the 'fard - 
Leonard system of speed control with-separately excited fields 
for both generator and motor, the armatures of the two machines 
being permanently connected together. The necessary excitatw 
ion power was obtained from a 350 Watt 230 Volt Compound !round. 
Generator mounted adjacent to the motor -generator set and 
driven off the motor spindle by means of V belt and pulleys. 
The shunt field of the main generator was excited 
from this auxiliary machine through a set of five resistances, 
consisting of 15, 15, 20 and 25 Watt 250 volt .metal filament 
lamps each controlled by a separate switch :and all wired. in 
parallel'. By manipulating these switches in different combin- 
ations it was possible to obtain eleven definite excitations, 
and owing to the extremely small thermal capacity of the lamps, 
steady excitation conditions for each, setting were reached 
almost immediately. Since the field circuit of the fuel pump 
motor was supplied at a constant 230 volts, it was possible to 
obtain eleven different speeds proportional to the e.m.f. of 
the main generator induced by the various excitations. These 
available speeds ranged from approximately 200 to 1200 
but in the course of the investigations only five convenient 
speeds ranging between approximately 200 and 950 r. p. m. were 
used. To improve the flatness of the load soeed character- 
istic of the fuel pump motor over the working range, advantage 
was taken of the series field winding on the main generator. 
FIG. 
x?, `ï Y. 
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By permanently connecting this with the armature, it was possible 
to obtain an increasing venerator e.. f. with increasing load, 
and this increased e.),.f. tending to compensate for the resist- 
ance drop in the motor armature maintained a more constant 
speed on varying loads. 
The drop in pump speed between 1/4 and 3/4 throttle 
opening was only about 10 r.p.m. This gave satisfactory and 
consistent results and the whole of the investigations were 
cf?rried out uncer these conditions. 
Oil Supply,. (Fig. 4). Oil is supplied from a glass 
reservoir fixed some six feet above the pump suction. Through 
a two-ray cock, the oil is fed at will to a graduated burette 
or to a large glass cylinder, these terminating in the common 
outlet of another two way cock, from which the oil is led 
through a Bosch Filter to the pump suction. Such an arrange- 
ment allows of instant change-over being made from the large 
glass working cylinder to the small graduated burette for the 
purpose of making discharge measurements. 
Oherf7e Control. (Fig. 5). charge control is by a 
sliding rack gearing with pinions clamped to slotted sleeves 
engaging with the pump plungers. The full travel of the rack 
is 24 millimetres and for the experimental work, this range 
was divided into four equal divisions designated 1, i and 
full charge resnectively. The charge settings are obtained 
CP-ATIGE1 CONTROL.: 
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by a micrometer wheel screwed 24 threads per inch operating 
a spindle similarly screwed and connected by fork and fitted 
bolt to the control rack. The edge of the micrometer wheel 
is divided into five equal parts, these in turn being sub- 
divided into tenths, and works against a scale fixed to the 
screwed soindle. A spring mounted in the pump housing 
Jiaintains pressure between pinion and rack and serves to 
take up backlash between these two members. 
Choice of Cryst-ls. Crystals of tourmaline and 
quartz possessing relatively high piezo-electric constants 
appeared to be the most suitable and the former mineral was 
chosen in preference to the latter for the following reasons:- 
(a) Black Tourmaline has a fairly wide distribution 
in Western Australia and particularly good specimens are to be 
found near Greenbushes in the south-west of the State assoc- 
iated with the tin-bearing lodes occurring in that district. 
Although the black variety has a lower piezo-electric constant, 
than the clear gem varieties found in Ceylon and Brazil, it 
was found on testto be adequate. 
(b) Quartz crystals are subject to twinning, a 
defect which nullifies the piezo-electric effect. Tourmaline, 
on the other hand, is remarkably free from this defect. 
(0) The electrical axis in Tourmaline coincides 
with the optical or 7 axis whereas in quartz, the electrical 
axis is perpendicular to the optical axis and is not an axis 
o,. symmetry. This feature of Tournaline makes for ease in 
preparation and often makes possible the cutting of a satis- 
PA. 
factory aiezo- element from a somewhat imperfect specimen. 
e=TION B. CUTTING and TESTING. 
Crystal Selection, preparation and Mounting. 
From selected black Tourmaline crystals, slabs about inches 
thick were cut at right angles to the optical axis by means 
of a copper rock saw fed with No. 8o carborundurn powder. The 
slabs were then placed inside a steel ring mounted on a flat 
steel plate, and secured by bitumen poured hot into the spaces 
between crystal and ring. cores 5/8 inches diameter were cut 
by means of a copper tube, 11/16 inches inside diameter 
rotated by a high speec = drive and their ends ground parallel 
to within 1/1000 inch on a zinc rock -sectioning table. 
Tor making rough tests of the piezo -electric 
effect of the cores, a small handpress was made from a 3 inch 
valve cover and spindle. In the gland recess, a block of 
marble was fitted and the end of the valve spindle recessed 
to take a half ball. The crystal was compressed between the 
faced half ball and a thin steel plate resting on the marble 
block, and the electrical charge developed on release of 
pressure measured by a valve voltmeter, consisting of a 
tosser $ . i. Triode with a series filament resistance, 12 volts 
in the Anode and 0.15 miiliarc peter in the plate circuit. 
s udden release of pressure will either increase 
the plate current or completely suppress it depending on 
which face of the crystal is connected to the grid. On first 
using this simple testing device, widely varying results 
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were obtained even from cores out from the same crystal slab. 
These were found to be due in large measure to variations in 
resistance of the cores caused possibly by inclusions of 
mineral oxides and deposits of cutting and polishing compounds. 
After boiling for 15 minutes in strong hydrochloric acid, 
followed by repeated boiling in water and alcohol and careful 
drying, resi stances rose to infinity in all cases. 
Grind.in., and Polishing,. To prevent fracture under 
load and to ensure uniform distribution of pressure, it is 
essential that the crystal faces be made flat. Prolonged hand 
grinding with fine powder on surface plates tends to produce 
a domed surface due to the breaking up of the cutting material 
at the edges and resultant reduced abrasive effect at the 
centre of the specimen. To overcome this effect, the crystal 
z- ce s were first made slightly concave by a copper lap and 
then round until the concavity had been removed. 
Following the rough grinding, the faces were hand - 
ground and polished on glass, using the finest emeries, and the 
flatness gauged by using the principle of light interference. 
When the air film between the crystal face and optically flat 
glass is viewed in sodium light, the alternate interference 
and reinforcement of the monochromatic sodium rays reflected 
from the under and lower boundaries of the film show as a 
series of alternating light and dark bands. If the boundaries 
of the air film are flat, but in the form of a wedge, the 
26. 
bands will appear as p- - r ilel lines and within the range of 
an adjacent light and dark band, the thickness of the wedge 
has altered by an amount equal to the wave length of the 
light employed. On the other hand, if one of the boundaries 
is plane and the other curved, a pattern of concentric rings 
is formed which may be looked upon as a contour of the curved 
surface, the contour height being the wave length of the light 
used. On first 1i °htiy placing the glass on the crystal face, 
a series of curved, roughly parallel bands are seen when view 
ed under oblique sodium light (Fig. 6), but with the applic- 
ation of pressure between glass and crystal, the air is slowly 
squeezed out from between the surfaces and the interference 
pattern takes the form of a series of rings forming a contour 
of the curved crystal face (Fig. 7). It thus becomes possible 
to rapidly and accurately determine the progress of polishing 
the crystal face. zecords of progress at various stages are 
shown in wigs. 7 - 9, and using the technique mentioned prev- 
iously of first making the face concave and removing the con - 
cavity by grinding, little difficulty was experienced in 
obtaining optically flat crystal faces. It was found advis- 
able however, in practical application to leave the crystals 
slightly domed in order to relieve the stress at the outer 
edges. 
After grinding and polishing, the crystals were 






FIRST STAGE of GRINDING. 
FIG. 8. 
SECOND STAGE of GRINDING. 
T 
FIG. 31.. 
FINAL STAGE of GRINDING. 
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and withstood the maximum load of 5000 kilograms without the 
least sign of fracture. under the practical working condit- 
ions of the investigations, the load on the crystals with a 
maximum pressure of 5000 lbs. per square inch in the fuel 
lines is only some 3000 pounds. The safety factor is there- 
fore of a reasonably high order. 
Crystal Holder. To minimise deformation, the 
crystal holder was made exceptionally rugged and the distortion 
and consequent change in capacity of the system when under 
load is negligible. The holder is machined from. a 65 ton nickel 
steel to dimensions and form shown in rigs. 10 and 11. 
Referring° to Fig. 10, the crystals are located in 
the body by Eronoid rings fixed near the earthed faces, thus 
affording a certain flexibility of crystal movement, at the 
sage time maintaining an insulating air space betTreen the 
insulated Crystal faces and the steel body. The lower crystal 
face bears on a 
.ï 
inch disc of hardened ground and polished 
steel resting on the diaphragm and fitting easily in the body 
of the holder, while the upper crystal face contacts with a 
faced steel ball located in the hardened recess of a screwed 
steel plug. 
:ith this system of location, even contact between 
all the bearing surfaces of the crystals is assured and 
irregularities in loading accommodated. In operation, the 
positive crystal faces are earthed and the negative faces 
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are senar^ted by a copper collector 0.004 inches thick from 
which a lead is taken through a slot a inches x inches cut 
in the body of the holder. This procedure is considered 
perferabie to using an insulating bush as giving high insul- 
ation end low capacity. 
The oil chamber of the crystal holder is made from 
steel similar to that used for the body and the diaphragm is 
securely held between the lapped surfaces of the oil chamber 
and body. As the joint has to withstand high pressures, great 
care was exercised in its preparation, and its accuracy checked 
at various stages by squeezing lead wire of uniform diameter 
between the faces and measuring the uniformity of its deform- 
ation. 
Dii is admitted to the underside of the diaphragm 
through longitudinal slots cut in a ': inch steel plug shrunk 
in the oil chamber, the slots connecting at their lower end 
in an annular groove cut circumferentially in the plug and 
registering with the inlet and outlet standard adaptors screw- 
ed into the chamber body. From the plug slots, the oil is 
led to a cavity 0.002 inches deep formed in the chamber and 
connecting with the underside of the diaphragm. 
A small relief valve consisting of a 1/16 inch 
diameter steel ball held in a brass seating screwed into the 




Diaphragms. The diaphragms of tempered steel were 
accurEtely ground on glass to an even thickness of 0.020 ins. 
In order to ensure a perfect oil seal, the diaphragms 
were plated with copper. A thin coating in a cyanide bath was 
followed by a heavier coating in conner sulphate solution and 
after regrinding, the finished size gave a total diaphragm 
thickness of 0.026 inches made up of 0.020 inches steel with 
0.003 inches of copper on each face. The added capacity to 
the system with the introduction of the holders is, as will be 
observed from Fig.37 of a small order and the variation of 
capacity during pressure measurement negligible. 
The crystal holder near the pump (Fig. 11) is 
connected to the puma discharge through a short distance-niece 
conforming in dimensions to the standard fitting at the nimp 
connection and drilled 3/64 inches thereafter to connect pump 
discharge to crystal holder. At the nozzle end"of the pipe, 
the second crystal holder (Fig. 12) in every way similar to 
the holder described above, is connected directly to the nozzle 
holder by a standard adaptor. A general view of the unassembled 
components of the crystal holder is shown in Fiq. 13. 
SECTION C. CRYSTAL OUTPUT and its. MEASUREMENT. 
the impedance of the Cathode Ray Tube is 
extremely high, it does nevertheless seriously affect the out- 
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investigations. With the crystals directly connected to the 
Oscillograph, the rate of leakage is slightly less than the 
rate of generation of charge, and capacity remaining constant, 
the voltage will be proportional to the rate of generation of 
the charge. The resulting record will therefore show the rate 
of change of pressure or in other words a "velocity" diagram. 
An enlargement of such a diagram obtained with 
direct connection of the crystals to the tube is shown in the 
lower diagram of rig. 14. The upper diagram in the same 
Figure is a Pressure -Time record taken under exactly similar 
conditions, and., when graphically differentiated with scale 
suitably altered, the resulting curve fits the t +velocity" 
diagram with remarkable accuracy. The usefulness of a velocity 
diagram in exaggerating small pressure changes is well brought 
out in a comparison of the two records. 
The problem of recording the output from the crystals 
is similar to that of the delineation of the wave form of atmos- 
(22) 
pherics investigated by the Radio Research Bard . Briefly, 
the solution consists in absorbing the charge produced on a 
condenser thus limiting the voltage swing to an order suitable 
for application to the first grid of a D.C. amplifier. The 
valve employed in the first stage of the amplifier is an 
.lectrometer Triode having exceptionally high input impedance 
followed by one or more stages of amplification. The Electro- 

31. 
meter valve is however crone to instability except under ideal 
working, conditions and an alternative means of recording the 
crystal output was sought. 
2 3) 
Following the work of Johnson and Nezertr on 
the measurement of small alternating voltages, an indirectly 
heated power pentode (R. C. A.. 38) was found to give satisfact- 
ory results. Using 4 volts'on the heater, 12 volts on the 
anode, and 6 volts on the screen grid, the valve functions 
as an electrometer with a grid resistance calculated from 
exponential decay curves of over 500 megohms. Further experi- 
ments showed that by using higher anode voltages sufficient 
modulation could be obtained to give a satisfactory record on 
the Cathode flay Tube without the necessity of further 
amplification and without reducing the output impedance to 
dangerous limits. As finally applied., the valve employs 4 
volts on the heater, 90 volts on the anode, and 6o volts on 
the screen. The grid is biassed to the straight portion of 
the Grid- Volts- Anode- Current curve and the grid swing limited 
by a suitable condenser. 
SECTION D. THE CATHODE RAY OSCILLOGRAPH. 
General Arrangement. The Oscillograph with its 
component apparatus is mounted as a.self- contained 
operated. unit as shown in Figs. 15 and 16. The camera 
(Fig. 17) fitted with a Dallmeyer f1.9,3. lens and comnur 
FIG. la. 
FRONT VIEW. 
CATHODE RAY OSCILLOGRAPH. 
FIG. 16. 
REAR VIEW 
CATHODE RAY OSCILLOGRAPH. 
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shutter is mounted at the ton of the rack in a manner nermit- 
ing of universal focussing movement (Figs. 18 end 19). 1)uring 
photography, a felt bellows prevents entry of extraneous liht. 
Below the camera, the Cathode Pay Tube is mounted in 
a panel carrying a sheet-metal shielding cylinder, and connect- 
ions from the tube are taken through a Coesor low capacity 
socket to the panels mounted below (Fig. 16). The gun voltar4e 
and current-meter is placed at the right of the Tube panel 
(Fig. 20) and two stand-off insulators connected by shielded 
wire of low capacity to the "work" (py) and osweepfl(px) term- 
inals at the back of the tube are fixed to the left. 
In descending order below the tube panel are fixed 
the filament control panel (Fig. 20) the amplifier power 
unit, the 1000 cycle oscillator, the sweep and shift control 
for controlling the diagram on the screen, and the high- 
tension power supply (Fig. 21). A short description of these 
components is given in the following section of the thesis. 
r)escrintion of Oscillo(,ranh Cony onents. 
Filament Control (wigs. 20 and 22): The filament 
controls were originally incorporated in the high tension 
panel but due to pick-up of small 40 c/s potentials due to 
leaking transformer flux, were latex transferred to a separ- 
ate panel. Incorporated in the same panel is the notentio- 
meter, which controls the gun voltage by regulation of the 
FIG. 2./. 
CAMERA. 




output froc the mains transformer to the TT.T. Transformer. 
The shield focussing resinta.nde -lves a voltage 
drop 
in the positive lead of the gun ei roui t which. is 
applied to a 
wall shield surrounding the Cathode, and the electrostatic, 
field produced serves to focus the electron jet 
before its 
acae:! eration from the dun. 
soi 3 o rra h pommer unit . The power unit em toys 
a 
Voltage doubling circuit ne shown in rig. 22. The 
primary of 
the pains transformer acte as an auto-- transformer and in 
oenjunction with a potentiometer gives two variable voltage 
ranges to the 7.T. Transformer which supplies the rectifying 
valves of the voltage -doubler. A 0.25 megohrn leak placed in 
the negative lead serves to throttle any large currents and 
improve regulation. The gun and shield of the tube are at 
earth potential thus serving to dispose of the stray espace 
char ges and electron jet current, and materially reducing 
the power required to drive the tube. 
peen anci.. ßhi i't dur rent (71g. 23) . Tht s ci rout t 
which was adapted from e. circuit published in "The Tireless 
World's emnláps hard valves tn. contradistinction to the 
more usual use of thyration tubes. The sweep provides a 
controllable rate of horizontal spot mr Cement on the screen 
while the shift circuit determines the position of the spot. 
A mains transformer supplies the voltages for the 
FIG. 20. 
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indirect valve heaters and for the operation of the full wave 
rectifier. The smoothing circuit embodies two filters each 
having two 8 microfarad electrolytic condensers and r, 30 Henry 
choke. 1arth point is not that of the negative lead but may 
be varied to some 90 volts below positive lead potential 
through an 8o,000 ohm. potentiometer. Voltages to the (px), 
(py) shift plates taken through two 50,000 ohm. potentiometers 
at 25000 ohms above negative potential enable the spot on the 
screen to be biassed to any desired position. The shifts are 
shunted to earth through a i microfarad condenser to eliminate 
pick-up potentials in the leads, Horizontal excursion of the 
spot across the screen is obtained by the voltage rise of a 
condenser charged through a constant current d-evice,the return 
of the spot following upon exponential condenser discharge. 
Velocity of the sweep is controlled both by the capacity of 
the condenser selected and the rate of charging. The condensers 
are charged by the current flow through the first pentode, the 
rate being governed by the screen voltage set by the velocity 
potentiometer. 
The Triode 'B' which is used to discharge the sweep 
condenser is normally prevented from doing so by a negative 
potential applied to the grid obtained from the voltage drop 
in the anode resistor of the pentode 101. If the potential 
across the condenser is sufficiently high however, current 
35. 
will flow through 'I3' causing a potential drop across the anode 
resistor of valve ' I3' . When applied to the control grid of the 
pentode 'C' current flow through the latter is prevented, thus 
removing the voltage drop acrossits anode resistor and thereby 
removing the negative bias on the grid of the triode 'B;' with 
resulting condenser discharge. 
The potentiometer controlling the amplitude is the 
anode resistor of valve 'V and determines the point at which 
valve 'r3' will allow discharge of the sweep condenser thus 
fixing the length of the sweep across. the screen. 
A triode '`;' is incorporated in the circuit to syn- 
chronise the sweep with the work voltage, a portion of the 
work voltage fed from the synchronising potentiometer to the 
grid of valve ' n' serving to lock a roughly adjusted sweep 
with the work. In the present investigations, an electro- 
mechanical trigger coupled to the pump shaft as described in 
the following section was used and synchronisation of sweep 
and work was therefore automatic. Through a switch incorpor- 
ated in the lead from the anode of valve 'AI to the cathode 
of valve '13',the discharge Of the selected condenser is effect- 
ed at will either through the sweep circuit or through the 
trigger. 
JO hi h' 
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SECTION E. ASSOCIATED EQUIPMENT. 
(a) Swee Tri rarer and Phase Selector. The mechan- 
ical device for regulating the sweep (Figs. 24 and 26) employs 
the pentode and condensers in the valve time-sweep with their 
appropriate controls and serves to hold the condensers short- 
circuited except during the interval of sweep. As shown in 
Figs. 24 and 26, the device consists essentially of an ebonite 
commutator fixed to the pump shaft. Two brass segments in the 
ebonite are so placed that the gaps between them are respect- 
ively 1/16 inch less and 1/16 inch greater than the diameter 
of the carbon brushes working over their faces. The brush- 
holder carries three contacting brushes (A.B.C.1) 5/16 inches 
diameter of which one - the outer - is mounted on a moveable 
fitting in a dove-tailed groove cut in the holder. The brush 
holder can also be moved as a whole relatively to the commut- 
ator and clamped in any position. The sweep condenser circuit 
is completed by connection through either brushes 'AI and 171 
or through IA' and IT?' coupled, and 'al. 
With the former connection, rotation of brush 'A' 
relatively to tB1 and 'CI allows of the circuit being short- 
circuited over a range of pump angle from 1800 to 360° while 
° to 1800 may be obtained. With the latter a range from 0 
Since the sweep condensers are only charged during the period 
of short circuit, the length of the sweep for a given sweep 
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velocity will correspond. to the period of rotation selected. 
A Vernier Scale fixed to the moveable brush 'AI 
moving against an 8-inch divided circle fixed to the end bear- 
ing-cover of the pump allows of accurate reading of the angular 
sweep. In conjunction with the 1000 cycle oscillator described 
below, this system enables accurate records of the pump speed 
during the period over which the phenomena are observed to be 
obtained. Using a high sweep velocity, the brush ,A.1 is fixed 
in such a position that no sweep takes place across the screen 
and its position accurately .read with the Vernier on the .dividea 
circle. The brush is now moved through the angle over which the 
pump phenomena are to be observed and its position on the divid- 
ed circle again noted. The sweep velocity having been adjusted 
to give the requisite length of diagram on the screen, the 
time of the sweep in milliseconds corresponding to the selected 
angle of rotation may be read. from the oscillator record, and 
the speed of the pump deduced. 
Potation of the brush-holder relatively to the 
commutator allows of alteration of the phase of the sweep with 
respect to pump rotation, thus enabling the complete pump 
cycle to be scanned. 
(b) The Oscillator. To correlate pump phenomena 
with time and angular position of rotation, a 1000 cycle time- 
base was incorporated in the records taken. The oscillator 
for this purpose (Fig. 25) consists of two battery operated 
0 5uÌ 
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7To7ton resistance stabilised oscillators working in push-pull. 
Using resistance couplinr, their operation depends 
on the feed-back of portion of the anode current in correct 
phase to the tuned grid circuit. The coils are astatically 
wound but are not connected in reverse mutual. 
calibration was effected by opposing the output 
from the oscillator coupled to the ,Y1 plates of the 
oseillograph against a standard calibrated oscillator in the 
Postmaster Generals nepartment connected to the ;XI plates 
through the private telephone 'mire to the Wineering 
School of the University. The frequency of the standard 
oscillator was varied until a stationary figure was obtained 
on the Gathode-Tlay Screen. When this condition obtained, 
the P.Y.G. Standard gave a reading of 960 cycles per second 
and this value has accordingly been used throughout the 
tests for time determinates. 
FIG. 26. 




(c) CRYSTAL OUTPUT VPLIFIES. 
(1) Power oi- The power-supply unit for the 
amolifiers (Fig 27) embodies a neon stabilised rectifier to 
prevent m7Ans variation and to prevent the drain of one 
amplifier affecting the out-put of the other. 
A full wave rectifying valve across the 385 volt. 
tapping of the secondary of the mains transformer supplies 
some 300 volts d.c. to the filter consisting of two 8 micro- 
farad electrolytic condensers and a 40 Henry choke. Through 
a 30,000 ohm voltage divider across the busbars some 90 volts 
are tapped and stabilised with an 874 neon stabiliser which 
will pass from 10 to 40 milli-amperes with but slight variat- 
ion in voltage. The voltage was set by adjusting the voltage 
divider tapping to pass 20 milli-amperes through the neon 
tube. This supplies the anode voltage and a tapping at 60 
volts the screen voltage. A closed circuit jack connected 
in the anode supply for each valve enables the plate current 
to be read, thus ensuring operation of the amplifiers within 
the working range of the 'Wia characteristic curve (Fig. 28). 
(2) AMPLIFIERS. 
The amplifiers (Figs. 27 and 29) totally enclosed 
in iron shielding-boxes are placed as close as practicable to 
the crystals to which they are connected by leads of very 
low capacity. The bias batteries for each amplifier are con- 
tained within the shielding boxes and connected through 
potentiometers to permit of relative biassing of the pressure 
(TeA 
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diagrams. Grid bias is obtained through use of a grid leak 
and in order to maintain the time- constant of the input 
circuit, a valve of 30 megohms was selected. As the largest 
leaks available were of the order of 5 megohms, a special 
type was made consisting of platinum wire fused in a bent 
4 m.m. glass tube filled with commercial Amyl Alcohol (Fig.29) 
The wiring of the closed circuit jack is such that 
when 40 cycle current of about 2 volts potential is plugged 
in the grid bias is automatically set to the mid point of 
the Eg /la characteristic curve, so giving a completely. ampli- 
fied 40 cycle diagram on the screen. Us -ing a standardised 
input voltare, a negative of the oscil; oç ram replacing the 
ground glass screen of the camera, serves as a basis for 
periodical checking of the overall amplfi fication. 
(d) 
NF ~flL !- LIFTI TfI^ATT, (Figs.12 and 32). 
While the method adopted for delineating the needle 
lift does not lend itself to accurate scaling, it possesses 
the distinct advantage of not adding to the weight of the 
moving parts whereby inertia factors of a relatively high 
order are introduced, and may therefore be expected to give 
a faithful reproduction of the needle movement. In the 
Bosch injector, the spring load is transferred to the needle 
through an extension spindle bearing on the needle. The 










needle movements in a reasonably faithful manner and the 
principle employed depends upon the variation of electrical 
resistance when current flows between the moving snindle head 
and a fixed insulated electrode immersed in a conducting 
fluid filling the body of the nozzle. 
Some considerable time was spent in determining a 
suitable non-corrosive liquid of sufficiently low conductivity 
and commercial TAityl Alcohol was finally selected as being 
the most satisfactory medium. 
Full needle movement is cf the order of .1 millimetre 
and a liquid with low conductivity is essential in order that 
a small variaUon in the electrode gap may produce relatively 
large variations in resistance with a reasonably small applied 
voltage. The cap of the spindle forming the lower electrode 
was ground to a radius corresponding to the distance between 
the top of the cap and the point of contact of spindle and 
needle valve and the fixed electrode ground concave to a 
slightly larger radius. 
This procedure serves to maintain a constant gap 
between the electrode faces irrespective of oscillatory move- 
ment of the spindle about the point of contact with the 
needle valve. 
Both electrodes were faced with platinum foil. 
The fixed electrode is carried on a steel wire 
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located in the hollow adjusting so rw of the nozzle, and is 
connected to the adjusting screw in the cage whioh pemite 
of its adjustment relatively to the moving electrode. 
Variation of resistance with electrode movement 
waa utilised to actuate a simple hi A gain triode amplifier 
as Shown in the f.nQet Pig. 32.0 the output being fed through 
a 0.2/0' condenser to the oacii..i.o ._.;rsph. 
2oueninr of I,ea.dß, All t%e high impedance leads 
between crystal holders amplifiers, aontrnl panel and 
oscil? ograph are of special lowlose: design. Small discs 
of ebonite 1/16 inoh thick nere fastened with sealing 
wax at intervals of about inQhee to 18 gauge tinned 
copper wire and the whole carefully threaded through inadl** 
sting tubing of 12 mm. diameter, and the composite lend 





In developing the photographic techn9.eáue, it 
was considered desirable to record the observed nhenom- 
ena of pressure and needle lift under any set conditions 
of speed and load in as short a time as possible, and if 
possible, on the same photographic plate to facilitate 
ready correlation and comparison. 
The system adopted employs d. c. operated relays 
operated through a commutator in preference to manipulation 
of camera shutter, and the three records consisting of two 
pressure diagrams and needle lift diagram are photographed 
within the time required for three revolutions of the pump. 
The relay panel (Fig. 33) is placed close to the 
pressure recording units to give the shortest possible 
leads. Five relays of the post- office telephone type are 
employed, and, reading from right to left (Fig. 33) are 
biassing, pressure (pump) pressure (nozzle) needle -lift 
indicator and oscillator. The controls reading from left 
to right are relay selector switch, relay driving- voltage 
control, bias potentiometer and bias switch. At the bottom 
of the panel are the work terminals and at the top, the 
driving- voltage terminals from the commutator. 
Power for driving the relays is taken from the 
44. 
D.O. generator and fed through the 500 ohm. voltage divider 
(Fig, 34). One end of this divider is taken through a 50 
ohm rheostat to the centre point of a six-point switch 
which enables either relay to be closed at will, thus enabling 
individual inspection of the diagrams, or when connected to 
position 5, places the relays under control of the commutator 
and the diagrams appear on the screen in rotation. 
The commutator (Fig. 35) consisting of a disc 
of ebonite with a 90: segment inlaid, is driven 
from the pump through a 4:1 gear reduction. Four light 
spring brushes connected to corresponding relays in the relay 
panel (Fig. 34) make contact with the brass segment through- 
out one revolution of the pump. The circuit of the energ- 
ising current for the relays is completed through the 
brushes, thence to the earthed frame of the commutator 
and through a flexible arm normally e::Irthed to position 6 
of the selector switch, thus energising each relay in turn 
during one revolution of the pump. When the flexible 
arm is insulated from earth, the bias relay comes into 
operation, and the common work-lead from the other relays 
to the work terminal of the oscillograph receives a bias 
of sufficient magnitude to drive the moving spot olear 
of the screen. 
45. 
This feature is utilised during photography in 
the following manner. On the commutator spim9le, there is 
fixed a composite worm of .4- inch pitch. The first complete 
thread is of ebonite followed by a complete thread of brass 
and the worm is so fixed on the commutator spindle that 
during rotation, the ¿unction coincides with the contacting 
of the commutator brush for operating the pump pressure 
relay with the 90° segment on the commutator. when the 
flexible arm is released from its normal earthed position, 
it comes in contact with the ebonite thread and works 
slowly across the worm. Being insulated from earth, the 
bias relay operates, the spot is biassed clear of the 
screen and the photographic film which has now been exposed 
to the screen will be unaffected. When, however, the 
moving arm contacts with the bra es thread of the work, the 
bias is removed and the pressure near the pump is recorded 
on the exposed film to be followed by that at the nozzle, 
the needle lift and the 1000 cycle time base as the 
corresponding relays are energised. 
On the completion of the revolution of the 
commutator (corresponding to four revolutions of the pump) 
the four diagrams will have registered on the exposed film. 
46. 
At this point, the moving arm springs clear of the work, 
the bias relay operates and the spot completely biassed 
off the screen thus preventing fogging of the film. 
The most suitable photographic medium for 
recording the transients was found to be X-Ray film, 
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SECTION I. 
(i) Nature of the Inveetigatione : The success 
of an injection system may be gauged by the nature of the 
quantity, time and pressure factors associated with the 
injection of the oil throughout the speed and load reeve of 
the engine. These factors, termed the characteristics of 
a particular injection system may be designed or accidental. 
The latter may occur under certain conditions of working 
unforeseen in the original design of the injection system 
and may be detrimental or otherwise to engine performance. 
The experimental invectigations to be described deal primar- 
ily with the influence of certain variables upon the inject- 
ion characteristics of a Bosch Tuel Injection System. 
The elements oommon to injection systems comprising 
the pump and the injection nuzzle may be regarded as the 
major variables in a general survey of the problem, but for a 
particular system,they become the fixed components and such 
variations in discharge characteristics as may occur through- 
out their working range of speed and load are inherent in 
their design. These may be influenced however, by the di- 
mensions of the connecting pipe between pump and nozzle,the 
nature of the fluid being pumped and the pressure of the 
engine cylinder acting on the nozzle. The influence of the 
48 
two latter variables on the discharge characteristi s has not 
been considered in the present research. while the back 
pressure ma,t undoubtedly influence the discharge, it was 
considered that the effect would not be of such an order as 
to appreciably affect the results. The effect of differences 
in viscosity and bulk modulus between various fuel oils on 
the injection process has been investigated by several workers 
(4) 
including Le Mesurier and Stansfield 
(11) 
and Davis and Giffen . 
The latter workers have shown that the modifications to the 
injection characteristic resulting from the use of fuels of 
widely varying viscosities at normal temperatures are negligible 
except in the case of very long pipes. 
This result might have been anticipated from a 
consideration of the bulk moduli and densities of the fuels 
used, since these do not differ greatly and the Pressure- 
Velocity relationship is governed by the equation 
Pressur The variation in the discharge 
Change of Velocity g e 
characteristics when -I_ ,aiel is raised to temperatures likely 
to obtain in practical operation is probably a such more 
serious matter than variation with viscosity, and is a subject 
which the author hopes to investigate later. 
-xclusion of the back-pressure and fuel variables 
confines the practical variables to those of the interconnect- 
ing pipes. In the present work, three steel pipes of standard 
49. 
commercial quality 2mm. nominal bore and 2ft., 4ft., and 8ft. 
long respectively have been chosen to represent the connect- 
ion variable, and the discharge characteristics have been 
studied, through as large a working range of speed and load 
as practical application would seem to warrant, and the record- 
ing apparatus permit. in this regard, it is to be regretted 
that the maximum pump speed is not higher, but a limitation 
was set by the inability of the valve lift recorder to give 
accurate records at speeds greatly in excess of 900 r.p.m. 
Beyond this speed, vibrations were apt to induce instability 
of operation and consistency of results could not he depended 
'open. 
For each length of connecting pipe, the pump speed 
was varied in five steps from about 200 np.m. to 900 r.p.m. 




Nozzle Setti g 
(Atmosphere) 
/ 
100 150 2 0 
LOAD VARIATION. 
(Nominal.). 
450 700 00 











0 150 200 
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For each speed and load setting, tIle pressure 
phenomena at pump and nozzle, the valve lift and the time base 
were photographically recorded in the manner previously 
described, the gun voltage being kept constant at 600 throwh- 
out the whole serles of recordings. The fuel discharge in 
cubic centimetres per stroke was measured for each setting by 
taking accurate speed and time observations while about 50 
cubic centimetres of the fuel were drained from the graduated 
burette. The exact quantity drained was determined after 
sufficient time had elapsed to allow of the gravitation of 
the fuel adhering to the sides of the burette. At low rates 
of withdrawal, this quantity was negligibly small but became 
increasingly important as the pump speed and throttle opening 
increased. 
(ii) Data relatin to Ill'ection and P essure- 
Pa 
rÙe1 Pumo; Standard Bosch, Type P.E. with un- 
loading valve. (Fig. 37(a) ). Plunger diameter: 7mm. 
Plunger Stroke (Fig. 38). 
Nozzle: Bosch Spring - loaded Differential 
Needle Atomiser - Hole type. Style No. D.L.O. S288-10P. 
(Fig. 37(b)). 
Ames': Standard Commercial Steel Pipe 2mm. 
nomina bore. 
51. 
Uimensions: (1) Length : 2- feet. Capacity, 1.61 
cubic centimetres. Men Bore (Calculated from length-capacity) 
1.83 mm. 
(2) Length : 4 feet. Capacity 4.45 
cubic centimetres. MeRn Bore 2.16 mm. 
(3) Length 8 feet. Capacity., 6461 
cubic centimetres. Mean Bore 1.86 mm. 
Canacities: The capacities of the components 
shown in Fig. 37 were determined by filling with mercury. 
The figures given are the mean of four very close deter- 
minations. 
ENTELInaNatUILEOke and velocity Diagram (Fig.38) 
The plunger stroke on an angle base was obtained by direct 
reading with a measuring microscope reading to 1/1000 mm. 
The velocity diagram giving velocities in millimeters per 
degree was obtained by graphically differentiating the lift 
curve. 
Di stance between Preseure-1 easurinFt points (Fig3 
The actual distances between the diaphra:.8 of the pressure- 
indicators for the nominal pine lengths used are: 
(a) Two Feet Pipe 
(b) Four Feet Pipe 
(o) Eight Feet Pine 
3..175 inches. 
57.175 li . 
. 















































































































































































































































































































































































































































































































































































































































































































































































' _j t,_ The total travel of the control 
rack on the Lump under investigation is 24 millimetres, 
measured from the + "ston0 to ofull throttle,' positions. The 
makerserating per 100 revolutions at the rate of 200 r.p.m. 




Distance from i+ltnpo. Minimum Charge: 





















The rating of the pump was set to correspond 
closely. to the minimum charge rating in column IT Table 1_ 
and the throttle positions designated in. rig. 36 as *, , 
and 4 Full Charge, correspond to distances from the "stop" 
position of 6 min. 12 mm and 18 mm. respectively. 
rata relating to Fuel; The fuel used through- 
out the investigations is marketed in Australia as ' hell 
Diesoline" to the following specification. 




36 seconds Redwood. 
Lower than 1O0F. 
Nil. 
specific ;ravi ty 
Initial Roiling Pois 
Final Boiling Point. 
Flash Point. 






The Specific Gravity was carefully checked throughout the 
investigations. 
54. 
(iii) . Calibration. Static calibration of 
the apparatus is obviously impracticable on account of the 
small time-constant and consequent leakage of charge during 
the loading process . Dynamic ealib?'ation presents many 
difficulties. Several methods were tried including the use 
of calibrated rupture discs. A small 'i sc holder was made 
in ev lioh a thin metallic disc could be clamped between ground 
joints in a manner similar to thediaphragm mounting in the 
crystal holders leaving * square inch of disc exposed to the 
oil pressure, when the holder was connected to the outlet 
of the crystal holder as shown in Fig. 39. The pump was 
turned by hand and the pressure raised to the point of 
rupture of the disc. The sudden release of pressure to 
atmospheric caused by the rupture gave a negative deflection 
to the spot focussed on the screen, and the length of the 
trace gave e measure of the difference in pressure before 
and after ruî?ture. In spite of every carte exercised in the 
selection of the rupture disc material as regards uniformity 
in thickness, results were not consistent, varying by as 
much as fifteen per cent. The method finally adopted is 







^y / se..ñ.Ílable phenomenon associated -7 th act!lal injection 
process. When the needle of the atomiser lifts as the 
FIG. 31. 
RUPTURE DISCS MOUNTING. 
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result of a pressure impulse received from the pump, there 
is a sudden brief drop in t,ressu.re owing to the enlargement 
of the pressure space by the capacity of the jet plate and 
the needle movement. The pressure before the drop occurs 
will be Treater than the set opening pressure of the needle 
by an amount depending on the inertia of the needle, the 
needle extension and loading spring, and the reasonable 
assumption is made that for set pump speed and charge con- 
ditions, this inertia load remains sensibly constant 
throughout the needle -loading range. 
Under these conditions, the height of the record - 
ed pressure diagram when the drop occurs at needle :lift will 
represent the set opening pressure of the needle, plus a 
constant, and by plotting a series of records at various 
needle loadings, this constant is determinable thus enabling 
a pressure scale for the records to be made. 
'By the simple process of taking a photographic 
record under the speed and charge conditions on which the 
pressure scale was based, it is possible at any time during 
the investigations to check the calibration. 
At the commencement of the investigations, both 
crystal holders were cslibr.ated to a maximum pressure of 
three hundred atmospheres in steps of fifty atmospheres and 
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CALIBRATION RECORDS. 
No.1 'CRYSTAL HOLDER. 
the progress of the work. slight variations were noted from 
time to time, but were of such a small order as not to warrant 
departure from the very desirable feature of a uniform pressure 
scale. A typical set of calibration records are shown in 
Figs. 40-46, and the pressure scale for both crystal sets in 
Wig. 47. 
The linear response of the crystals to pressure 
variation is well brought out in the scales and the similarity 
of response, taking into consideration the many factors 





















































































































































































¶he iniectiJpce. To facilitate an explan- 
ation of the fundamentals of the injection process in the 
Bosch system as observable from a study of the experimental 
records, a typicel pressure ana valve-lift diagram has been 
enlarged (Fig. 48) and such features as are common to the 
process as a whole will be referred to this particular 
record. Where neoessary, special features will receive 
specific reference, 
INer greater distinction, the pressure diagram 
taken at the nozzle has been tinged in ree. In this regard, 
it is to be regretted that the conditions of photography die 
not permit of a biassing apart of the two pressure diagrams 
as on first approach to a study of the phenomena some diffi- 
culty in distinguishing the curves is experienced. This 
difficulty is however overcome after a short application 
especially if observations are made under slight maenific- 
ation, and, in the correlation of pump and nozzle pressure 
phenomena, the superieposition of the curves is of distinct 
advantage, more especially since they have a common scale of 
pressure. The records in rig. 48 represent the pressure and 
valve lift dingrees for the four-feet fuel pipe at full 
charge, 330 r.p.e., end needle valve setting of 100 atmos- 
pheres and the phenomena are recorded over a period of 600 
58 
of pump rotation. 
At point (1) on the pump pressure diagram corre- 
sponding to time (t) = 0; the first pressure rise is record- 
ed at the first measuring point situated near the pump 
delivery wive. This point is not that at which the pump 
pluner covers the suction port,as there exists in the fuel 
line a residual pressure indicated by s.a. On first cover- 
ing the suction port, the plunger must therefore move 
tarouch a certain distance (varying with the residual pressure 
in the fuel line) until the fuel in the pump barrel is com- 
pressed to a nrescure exceeding that in the line, thus enabling 
the discharge valve to lift and free flow to take place. 
The magnitude of the initial compression thrust 1-2-3 entering 
the pipe is determined by the velocity of the pump plunger 
(and hence the resultant velocity in the fuel line) ,,:hen 
these pressure conditions are complied with, incrersing with 
increasing plunger velocity . In the particular system 
investigated, this initial pressure thrust in the line is 
transmitted from the pump through the unloading valve (Fig. 
37(a) ) which, embodies a solid piston finely ground to 
fit the cylinder in the delivery-valve housing, and thus 
serves to isolate pump chamber from fuel line. 
The compression thrust (1-2-3) is now propagated 
59. 
as a pressure wave through the fuel (as successive increments 
acquire momentum) with a theoretical velocity equal to that of 
sound in the same medium and of value v e / - where- K is 
the bulk modulus and P the density of the fuel. 
Shortly after reaching the second measure point 
Oat , the pressure impulse reaches the needle valve. At this 
inset, had the motion of the plunger been uniform, the fuel 
throughout the pipe lino would have been at uniform pressure 
1 -2 -3, and moving with uniform velocity; tow rds the nozzle. 
Owing, however, to the 5 ncreesing velocity of the pump plunger, . 
the pressure at the first measuring point will be increasing 
along 3 -4, the stepped nature of the pressure rise being due 
to vibrations set up in the diaphragm of the first measuring 
point. the velocity of the pump plunger will determine the 
general steepness of the wave front 1 -2 -3 -4 which increases 
with speed as a comparison between the rate of pressure rise 
in m._.. 4.8 taken at 334 r.p.me and that obtaining in Tig.49 
recorded under similar throttle and injection- pressure 
condition but at a pump speed of 940 r.p.m. will serve to show. 
On arrival at the nozzle, the initial velocity of 
the fuel corresponding to the pressure represented by 1 -2 -3 
will suffer change according to the opening conditions of 
the needle valve, and the resulting change of momentum will 
build up corresponding changes in pressure which will be 
!!0v `J Z v 
FIG. 4,2. FIG. ,1,. 
FIG. i. 
6o. 
propc, ated towards the pump with the velocity of sound. If 
the needle fails to open under the initial impulse (as in 
the case under discussion) complete reflection of the !ave 
front will result in a wave of 'zero} velocity with double 
the initial pressure intensity l-2-3, being propagated to- 
wards the pump. This is clearly shown by p- b--c -d in the 
nozzle pressure record. Under other circumstances where 
opening of the needle takes place, reflection may be partial 
or may be negative in character resulting in the propagation 
of a wave of decreased pressure towards the pump. 
i th a continuously inc reasi ng plunger velocity 
(as with the present system) a true state of zero velocity 
cannot exist., since successive increments of the advancing 
sloping wave front 3 -4 will suffer velocity change at the 
reflected wave front travelling towards the pump and the 
corresponding pressure changes transmitted forward to the 
pump and back to the nozzle, at which latter point.,, they will 
again experience velocity change and again build up changes of 
pressure (d -e in the nozzle diagram) which in turn are propa- 
gated towards the pump. 
At point 4 the front of the reflected wave of 
'zero' velocity emanating from /a+ at the nozzle has reached 
the pump plunger as indicated by thè rapid pressure increase 
along 4 -5 in the pump - pressure diagram. Receiving momentum 
61. 
from the plunger which is still -moving with increased velocity, 
t 
reinforcing pressure wave is now propagated towards the 
nozzle, arrivi ng there at point ! e ° where as before its conse- 
quent pressure change resulting from change in velocity as 
determined by nozzle opening and operating conditions is 
propagated as a. wave towards the pump arriving there at 
point 6 in the pump pressure ,diagram. 
It will thus be seen that in an Injection System 
similar to that under consideration, the pressure at any 
point in the system after the passage. of the initial di s- 
turhanoe is the result of plunger velocity and nozzle open - 
ing and operating conditions. 
v'or a given pump speed and pipe length, the behaviour 
of the latter will be affected by the set opening pressure of 
the needle valve and the residual pressure in the fuel line 
as determining the intensity of the pressure necessary to 
overcome the needle tension and by the area of the orifice 
in relation to pip area as determining the rate of flow. 
The opening of the needle valve at f corresponding 
to the point F in the valve lift diagram occurs under one 
of three conditions.. In the first case, the intensity of the 
primary pressure impulse 1 -2 -3 may be of sufficient magnitude 
to open the needle, with little or no reflection and the total 
injection lag, between opening of delivery valve and the needle 
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lift would closely corr+ spond with "s, " pressure propagation 
lag 1 -a. under the second condition of opening, the initial 
impulse is insufficient to overcome the needle tension and 
some reflection of the primary impulse (1 -2 -3) and possibly 
of the sloping wave front (3 -4) becomes necessary. tinder 
these conditions of opening, the injection lag would be the 
sum of the pressure 1''g and the time necessary to build un 
the higher pressure by reflection. 
Lastly, as in 'Ti g. 48 conditions may require the 
complete reflection of the wave front (I- r2 -3 -4) (a- b- c -cl -e) 
with subsequent reinforcement from the pump plunger (e --f) 
and in certain cases, the process of complete reflection 
and reinforcement may require repetition before a sufficient - 
ly intense pressure has been built up under the needle valve 
seat, tvid.ently the injection lag under this third method 
of needle opening will be the sum of the pressure lag li-a, 
the time required for the necessary n sober of double na ssages 
of the pressure wave through the fuel line and possibly 
further partial reflection at the nozzle. In each of the 
cases considered, some small additional time will be required . 
to overcome the inertia of the valve rind its associated 
equipment. 
Prom a study of the foregoing, it would appear 
that conditions remaining constant, the injection lag should 
decrease in time with increase of pump speed as both the 
63. 
primary eressure impulse and the subsequent reinforcement of 
the reflected waves increase with increasing plunger velooity. 
This feature is amply borne out by the present investigations. 
when the needle velve lift et f in response to a pressure 
accumulation under the valve seat, a drop in nressure tekes 
place as shown by f-g, this being due as mentioned previously 
to the increased oapaolty of the system by the enlargement 
of the pressure space in the jet plate and by the needle move- 
ment. The magnitude of the pressure drop evidently depends 
upon the rate at which the fuel is being extruded through 
the jet as affecting the change of velocity and thus the 
tendency to pressure drop, and the rate at which the pressure 
is at that instant, being built up at the valve due to the 
incidence, reflection or reinforcement of the pressure eaves. 
This latter condition depends on the past hietory of the 
system as due to the limited velocity with which pressure 
or velocity changes can be propagated through the fuel, 
changing conditions at the pump cannot be manifested at the 
nozzle at the instant of opening of the needle valve. 
The intensity of the initial impulse imparted to 
the valve causes it to lift as shown by FO in the valve lift 
diagram, the rapidity and extent of this initial lift being 
dependent upon the magnitude of the impulse. Wtth the drop 
in pressure f.g. accompanying the lift VG, the needle valve 
6A. 
tends to apnroach its sent -ith cormecuent throttling of the 
flow, and corresponding arrest in the ressure drop. "nth 
an onportunelv advancing pressure -rave from the pump or a 
sufficiently strong reflection of the nrevlous wave, the 
needle may be held in the open position and flow take place 
with diminished velocity. This is the case in Fig. 48 
where the reflection of the wave 4.5 from the pump is being 
effected when the needle lifts at f and flow takes pince 
under the nressure T%) es shown by ejT in the valve lift 
record. under other circumstances, the intensity of the 
initial impulse nay be sufficient to raise the valve to its 
full lift in which position it is maintained by its inertia 
whilst oncoming or reflected pressure fronts are enabled to 
build up pressures greater than the closing Ipesspre and so 
hold the valve at its full lift throughout the injection. 
Such a cnse is well illustrated in wig. 49. On the other 
hand, the drop in pressure fg accorpanying the lift may 
be so great and the rate of building up at the instant of 
lifting so small, that the valve reseats and remains closed, 
until forced to lift again by the reinforcing waves from 
the punn. These conditions are shown in Fig. 50 which 
refers to the 2 feet pipe With a pump sneed of 330 r.p.m. 
and a nozzle setting of 150 atmospheres. The pressure 
necOssary to cause reopening is not necessarily that for 
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which the needle valve is set as the resulting bounce when 
the valy e strikes its seat on closing, exposes the whole 
valve area to the actin; pressure in place of the different- 
ial shoulder which is exposed. e. hen the valve is in its 
closed position. For the ssme reason, the closing pressure 
of the needle valve is always less than that of opening. 
It will now be advisable to consider the conditions 
at the pump in relation to the changing conditions at the 
nozzle. At the instant of theneedle opening at f ,the 
front of the previously reflected wave frail the nozzle (of) 
has arrived at the pump at point 6 and pressure is being 
built up as previously explained along the front 6, 7. 
That part of the pressure rise along 6-7 due to the decrease 
in velocity of the front 4-5-6 as it meets the advancing 
reflected front e.f. emanating from the nozzle at 1 has 
so fax depended on a stationary condition of the fuel at 
the nozzle. Initiation of velocity in the needle jet at 
f calls for a corresponding velocity in the pipe line and 
a corresponding drop of pressure which, as before, is 
propagated along the pipe towards the puma with approximat ely 
the velocity of sound in the fuel. Its arrival at the pump 
is manifested by the drop 7 -8. 
Arising from previous discussion, it will be seen 
that had the nozzle remained closed, the pressure condition 
6G . 
at the nozzle would. have assumed the form shown approximately 
by fftf" and the corresponding conditions at the pump by 
7717", The effect of the negative mesure wave emanating 
from the nozzle : ollowing the lift of the needle will now be 
apparent. The strong wave front eff' which would have arrived 
at the nozzle has been reduced to the weak pressure charact- 
eristic shown by efgh, and the positive reinforcing wave 
front 67717" at the pump replaced by a negative front 6789. 
The weak reflection gh at the nozzle is respons- 
ible for the lift represented by GI on the valve lift dia 
gram and the arriv-.I of the reinforced wave front 67717e 
which under closed condition, would have appeared as at fl, 
now greatly reduced, appears at h and the lift is increased 
more rapidly as shown by HH' on the lift diagram. But the 
res ultant increased capacity and velocity is more than the 
reinforcing wave from the pump can Support and the valve 
moves towards its seat under the influence of its spring 
as shown by H'TC and continues to do so until it again receives 
the weak reinforcement from the pump at k as shown at 
point e in the lift record. 
;-returning to conditions at the pump, it will be 
seen that the effect of the increased lift of the needle 
as shown by G.H>I' /AI to produce a velocity in the pipe line 
of such an order that the consequent pressure reduction 
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carried towards the pump is greater than the increased press- 
ure which would normally accrue from the ever increasing 
velocity of the pump plunger, and the algebraic sum of these 
two influences results in a net decrease as shown by the 
sloping front 789. 
With the decreasing lift *T,K however, weak reflect- 
ions are built up at the nozzle as the slightly increasing 
pre ,sures noted at hk will serve to verify. These increases 
are transmitted towards the pump and, receiving reinforcements 
from the plunger whose velocity is now greater than the veloc- 
ity of the fuel at the naz7ie builds up a slightly increasing 
pressure front as shown by 9.10. 
Shortly before the point 107 the ;lump plunger has 
registered with the suction port in the pump barrel and the 
pressure reduced to atmospheric at that point. The first 
effect of the release is to bring the fuel in the pipe to 
a state of rest at a pressure corresponding to that existing 
before release. d wave of zero velocity is therefore 
propagated along the pipe towards the nozzle to be immediately 
followed by a pressure -depression and negative velocity wave 
as the fuel expands through the suction port and the pipe 
unloaded by the unloading valve (lO- 1l-l2) . 
Ceveral factors combine to determine the magnitude 
of this wave. The speed with which the suction port is 
68. 
increased is the first factor of importance as it determines 
the rate et which the fuel in the ripe can expand to atmos- 
pheric pressure, and hence influence the clone of the de- 
pression wave. 
Again the intensity will be determined by the 
type of unloading valve peculiar to the system. In that 
under consideration whereby not only is the fuel at the 
pump by °o htto rest but e,ctua11y given a negative velocity 
due to the unloading section incorporated in ehe valve, 
auch depends on the rate of closing of the valve and re- 
sultant magnitude of the negative velocity. "ith the 
rapid uncovering of the suction ports at high speeds and 
large throttle openings, it is to be ex-cected that the 
closing will he rapid, a.nd the slope of the negative were 
become steeper. At the lower rump velocities, where the 
speed of delivery valve closing is greatly reduced, the 
unloading effect Is correspondingly deceea.sed. 
To compare the release effects et low speeds 
between the unrelieved and unloaded systems, the delivery 
valve was removed and records taken of the pressure char- 
acteristics. It was found that at all throttle openings 
and tine lengths up to a s-ceed of 385 r.p.m., the effect 
of the unloading valve as influencing the rate of cut -off 
was practically negligible, as a comparison between rig.51 
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taken under the conditions exactly similar to Fig. 48, but 
with the delivery valve removed will serve to illustrate. 
The first effect of the depression wave reaches 
the nozzle at point and follows the line -ern. It 
will be noted that owing to the closing of the needle and 
resulting decreased capacity, the slope of the depression 
im is less steep than that at the pump and is actually 
the algebraic sum of the two opposing effects. With the 
decreasing pressures, the needle valve spring asserts itself 
and the valve is forced towards its seat as shown by the 
closing line LM. At 110 the needle valve closes and a 
momentary building up Of pressure results as indicated by 
the rise mn in the nozTle nresaz re diagram. With con - 
tinued intensification of the. negative wave 14-11, the 
pressure at the noz7l e continues to fail_ as indicated by 
nop. 
In the meantime, the pressure at the pump continues 
to decrease as indicated by 10- 11.12. At the point 12, the 
delivery valve closes and with the sudden stoppage, a build - 
ing up of pressure takes place as indicated by the rise 
12-13. The fuel line between delivery valve and needle is 
now a closed system, and since no energy is being received 
from outside sources, a pressure increase at the pump will 
be accompanied by a pressure deficit at the nozzle. There 
70. 
are thus set up in the pipe-line fuel-oscillations of a more 
or less intensive nature according to the pressure conditions 
at release, the duration of opening and rate of closing of 
the delivery valve. "he oscillations take place with a 
frequency given by f = a. where L = Pipe-Length in feet, 
V 
and V the velocity of sound in the fuel. Berg & Rode 
(12) 
have noted that these oscillations occur with frequencies 
corresponding to velocities other thee that noted above and 
varying with the length of the pipe. The present investi- 
gations do not confirm their findings. 
Under certain circumstances of pump speed, throttle 
and noz2le setting, the oscillations may be so severe as to 
cause reopening of the needle valve. Such reopenings are 
facilitated by needle-bounce exposing the whole area of the 
needle to the pressure accumulations, and may thus take place 
at pressures considerably less than those required to over- 
come the set needle tension, post injections are detrimental 
to efficient engine performance, as, entering the cylinder, 
when the available oxygen has alreedy been largely utilised, 
they cause late burning with consequent overheating and 
smoky exhaust. To illustrate the phenomena of post-injection, 
the tension of the delivery-valve spring was considerably 
increased above the normal setting on the assumption that the 
increased tension would cause the delivery valve to close 
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q.; ickly following pump pressure releti :3eti thus ensuring the 
initiation of high fuel velocities. 
With this alteration, post -injection phenomena 
were observed to take place at all pump speeds between 
900 r.p.m. and 450 r.114. with the three pipe -lengths 
examined. The number of post -injections occurring under 
the conditions examined are outlined in Table II, and 
Figs. 52. to 54 taken under the conditions noted over 
a pump sweep of 1200 show typical recordo of the 
injection phenomena. Under normal working conditions 
of the system investigated, post- injections do not 
occur and the phenomena have therefore not been extensive- 
ly studied in the present work. 
It is evident however from a study of Table II 
that post » :n ection takes place more freely at higher 
speede and throttle openings and at lower needle valve 
settings, and that the pipe- length is a contributing 
factor as evidenced by the greater number of double post - 
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A broad survey of the injection process reveals 
that the injection characteristics obey a law of supply 
and depletion; the pump at any instRnt delivering a certain 
. 
nolmt of fuel which the nozIle Some time later is oalled 
upon to deliver. The conditions affecting delivery at this 
FIG. 5,. 
2Ft.750 R.P.M.j THROTTLE. 
111 ' ^YWV"' 1 I y
FIG. a. 
Fí.950 R.P.M. j THROTTLE. 
FIG. 5A, 
An. 950 R.P.M. THROTTLE. 
100 KG.per OM2 
T3 
instant are largely based on the past history of the pump's 
movements and the nozzle may be in a position to extrude 
a greater quantity than it is receiving or alternatively, 
the 'supply may be greater than the nozzle can pass. The 
former conditions result in, reduced pressure throughout 
the system, the latter in rising pressures, the tendency 
at all times being to build up those conditions which will 
allow of the depletion from the nozzle to equal the supply 





(i) Detailed Analysis. 
(ii) General Analysis. 
74- 
ANALYsis of PRSSUR arid NEEDLE-'LIFT 
'MT:CORDS. 
In a subsequent section of the work, an analysis 
is made of the injection characteristics as revealed by 
measurements tlken from the records. The present section 
gives a brief survey of certain features of the injection 
process readily obtained by visual examination, and to 
facilitate comparison of the records under the varying 
speed and load conditions employed in the investigations, 
the diagrams have been arranged in a separate folio accompany- 
ing this thesis. These are arranged under major headings 
of pipe length with subdivisions according to needle setting. 
Each sheet of records is further subdivided according to 
speed and throttle opening conditions. 
TO serve the same purpose, the needle lift 
records have been sketched in Fig. 55, which shows the 
salient features discussed in the following section uf the 
work. 
(i) Detailed Analysis of Records. 
(1) 200 r.pm. (Nominal). 
(a) 2 Feet Pipe : 100 KG/0112. The initial 
pressure impulse has been twice reflected from the nozzle with 
subsequent reinforcement at the pump before the needle lifts. 
The lift, coinciding with the arrival of the reinforcing wave, a 
strong opening.results. Following the initial discharge, a 
75. 
negative wave is propagated to the pump and at the low pump 
speed although the velocity of the puMp plunger is increasing, 
the pressure deficit cannot be made up. Accordingly, the 
pressure falls as indicated by the drop in the pump-pressure 
curve. 
When the rate of discharge decreases due to pressure 
deficiency at the nozzle (shown by the drop of the needle to- 
wards its-seat) weak reflections from the nozzle are reinforced 
at the pump and the pressure rises, causing an increased rate 
of flow indicated by increased needle lift. FollowinKthe 
increased velocity through the nozzle a negative wave is again 
propagated towards the pump and the process outlined above 
repeated. 
pressures in the system therefore follow a course 
dictated by needle movements and injection takes place under 
decreasing pressures as shown by the general slope of the 
pressure and needle-lift diagrams,. the maximum pressure in 
the system being that obtaining at initial needle lift. 
With needle tension set at 150KG per CM 
2 
opening also takes place following the arrival of the second 
reinforcing wave from the pump but with a further increase to 
200KG per cm 2 a third reinforcement is necessary. The Opening 
is weaker than was the case with the lower needle setting and 
with increasing needle tension, the discharge characteristics 
76. 
while following the same trend as those occurring with the 
lower needle setting divide into more clearly defined periods 
of injection and closure. 1Vith a gradually decreasing pressure 
characteristic, the duration of successive openings becomes 
less and the time of closure increases as injection proceeds. 
A feature of the low speed high needle setting 
records is the relatively large residual nressure in the fuel 
line between injections. This may be explained in terms of 
the needle movement which, on account of the weak pressure 
reinforcement never lifts to its full travel but flutters near 
its seat. On arrival of the front of the depression wave 
following release the needle will instantly seat thus sealing 
the fuel pine at the nozzle-end at a relatively high pressure. 
(b) rest seine: 1.21M2LSP72 . The pressure 
characteristics are similes* to those for the shorter pipe but 
it will be noted that due to the increasing residual pressures 
which occur with increasing throttle, the needle valve at the 
setting opens with the partial reflection of the sloping 
wave front following the first reinforcement from the pump, 
as compared with the double reinforcement necessary with the 
and I- nozzle settings. Lacking reinforcement, the lift is 
of short duration and the valve closes until the advancing 
reinforcing pressure wave from the pump causes re-lift. There- 
after, the pressure and discharge characteristics follow 
77. 
closely those obtaining with the two feet pipe. 
150 and2auK ; C, . With the needle set to open 
at 150 KG per cr2,opening is initiated with the partial 
reflection o}" the sloping front following the first reinforce - 
ment while at the 200 KG /C:i,ï2r settings injection begins with 
the arrival of the second reinforcement. A breaking up of 
the injection similar to that occurring in the two feet pipe 
at the some speed takes place at the higher needle settings. 
(c) 8 feet pine; 10 KG per CM2: Owing to the 
longer time available for the reflection of the sloping front 
of the initial wave from the pump, the needle valve opens 
soon after the arrival of the first reinforcement from the 
pump and with higher residual pressures at the t and 1 
throttle settings, the necessary reflection of the initial 
reinforcement is less than is the case with the throttle 
setting, where almost complete reflection is necess ey to 
initiate opening. At the lower speeds investigated, the 
residual pressure does not necessarily increase with increased 
throttle owing to the powerful influence of the needle move- 
ments on the fuel line pressures. In the present instance, 
the arrival of the depression wave at the nozzle following 
upon release, coincides with a state of increasing pressures 
with the and i nozzle settings and with a decreasing gyres:- 
ure at the t- nozzle setting. 
An indication of the residual pressures is always 
Even by the nature of the pendulations in the line following 
the closing of the delivery valve, since their intensity is 
dependent noon the velocities set up slth release of strain 
energy in the fuel and is thus indicative of the mean strain 
energy existing in the fuel, when after namping of the waves, 
it assumes a state of rest. 
150 AT.and 200 AT. At the 150 At. and 200 At. needle 
settings, injection begins with the reflection of the first 
reinforcing pressure wave from the pup, the necessary reflect- 
ion being less with both settings at the and i throttle 
openings than with the four-feet pipe due to the higher resid- 
ual pressures obtaining in the fuel line. Injection at the 
highest needle tension with the eight feet pipe is snasmodic 
varying from cycle to cycle. 
(2) 35o r.n.m. (Nominal) 
(a) 2 weet Pine. l00 KG/OM The needle opens with 
the almost completed reflection of the first reinforcing wave 
from the pump. There is consequently a large pressure drop 
following valve lift and in the case of the half throttle 
setting, the needle almost reseats before the rise in pressure 
consequent upon closing too-ether with the weak reinforcing 
wave from the rump is sufficient to cause increased lift. 
Injection takes place under decreasing pressure until near 
79. 
the end of the ¡ throttle delivery when pressure reflection 
in conjunetiOn with ever increasing pump pluner velocity 
combine to give an increased rate of injection under rising 
pressures. 
2 almi2lajayslaj The needle lifts after two 
reinforcements when set to 150 atmospheres and after the com- 
plete or partial reflection of the sloping wave frOnt follow- 
ing the primary wave, at the 200 atmosphere setting, the 
reflection being complete at the 1: nozzle setting and partial 
at the and -51, settings. In common with the four feet pipe, 
injection takes place under a slightly falling pressure 
-characteristic. 
2 
(b) 4. Feet Pipe: 100 150 and .200 KG per (1. 
The pressure characteristics follow closely those for the 
two feet pine but owing to higher residual pressures in the 
fuel line, the injection is better sustained and the pres- 
sure characteristics less.senstive to needle movements. 
(o) 8 feet Pipes lapIgzejLee. peening of 
the needle takes place with the partial reflection of the 
sloping front of the primary wave, and until the arrival of 
the reinforcement, violent fluctuations in needle lift 
follow the initial opening. Needle movements are strongly 
reflected in the fuel line pressures existing at the 
nozzle but owing to the circumstances attending the opening 
80 
of the needle are not reflected to the sanie extent at the 
pump. 
The weak opening due to the reflection of the 
sloping wave front causes weak neative reflections to be 
propagated towards the pump but with the long pipe, the 
ever increasing velocity of the pump plunger has sufficient 
time to assert itself, the effect of the negative reflect- 
ion is overcome and a positive reinforcement results. 
Following the poor opening, a strong well- sustained dis- 
charge ensues under a rising presa.re characteristic. It 
is noteworthy that the conditions of injection in the 8 
feet pipe for the three needle settin~fs investigated at a 
pump speed of about 350 r.p.m. are the only ones in the 
whole series of variable conditions investigated, which 
enable the maximum pump pressure to rise appreciably above 
th:t at the nozzle. 
2 
1 Q and 2OO km ne C1.. With the exception of 
the throttle setting with 200 atmospheres needle tension 
where injection follors the reflection of the primary wave.,, 
needle -opening occurs with the arrival of the first rein- 
forcement from the pump. As the throttle is increased to 
the setting, the pump speed has risen sufficiently to build 
Up reinforoements from week positive reflection from the 
nozzle to a degree enabling a rising pressure characteristic 
81. 
to be maintained. A well sustained, end- injection results 
under these conditions, out-off beinfe sharp and clean. 
(2) 2 Feet Pipe 100 KG /0" The partial reflect- 
ion of the initial sloping wave front from the pump is 
sufficient to induce needle lift, the necessary reflection 
decreasing :pith increased throttle setting due to increas- 
ing residual pressures. The corresponding increase in the 
power of the initial wave to initiate needle opening is 
clearly shown in the valve lift records roughly reproduced 
below. 
Throttle. k Throttle. Throttle. 
The initial lift still results in a negative 
wave now of greatly reduced intensity being propagated to- 
wards the pump but the increasing velocity of the plunger 
thereafter maintains an increasing pressure and, as may be 
observed from the record for the q throttle setting, 
reflections and reinforcements occur in a manner similar to 
that taking place before needle -lift but with a reduced 
intensity as indicated by the more gradual slope of the 
pressure records. 
150 and ¡ 200 G/ 2 C . ?Yith the needle setting 
82. 
increased to 150 Ainjection begins with partial reflection 
of the first reinforcement and similar opening conditions 
obtain with increase of needle tension to 200 atmospheres. 
In common with the lower setting, a rising pressure character- 
istic results from the increased plunger velocity and excell- 
ent discharge characteristics obtain throughout the whole 
range of load conditions examined. 
(b) 7eet Pine. 100 K ne ,i. The opening 
conditions are similar to those for the two feet pipe, but 
with slightlYincreased residual pressures, the character- 
istics of the latter pipe are accentuated. 
_50 and opening chaicter- 
istics for the higher needle settings in common with the 
lower setting of 100 AT are similar to those with the two 
feet pipe, and both pressure and needle lift follow closely 
the corresponding characteristics for the shorter pipe. 
(c) 8 reet Pioe. l00 sLi.nflça2. Opening with 
the partial reflection of the sloping wave front following 
tle initial imnulse, fluctuations, in discharge rate ensue 
until the arrival of the reinforcement causes an increased 
needle lift and rate of injection. A. weak negative reflect- 
ion following initial open!nc is followed by weak positive 
reflections and stronger pump reinforcements result in an 
increasing pressure front. 
83. 
le_elL2salajettje.; With needle setting 
increased to 150 KG per CM 2 injection begins it the 
throttle setting with the reflection of the initial sloping 
wave front. Closure of the needle quickly follows initial 
opening, but the slowly increasing pressure due to further 
wave front reflection causes a weak re-opening before re- 
lease occurs. The and throttle records show the same 
opening characteristics intensified as a result of higher 
residual pressures. Thereafter the arrival of the reinforce- 
ment from the pump causes a strong re-opening of the needle 
and injections terminate with increasing pressure character- 
istics. Bimilar characteristics are observable with the 
needle tension set to 200 atmospheres. 
(4) 700 and 900 r.p.m. 
loo. 150 and 200 ej.2: vrith the increase in 
pump speeds above 500 r.p.m., injection takes place following 
partial reflection of the primary wave. Following needle 
opening: strong reflections and reinforcements serve to build 
up a rapidly rising pressure characteristic showing close 
correlation with pump plunger velocity. 
In no case however, does the pressure drop 
following vnlve-lift fail to be transferred as a negative 
reflection to the pump. The finding of Berg and Rode 
(12) 
that as a general rule, the pressure drop propelled towards 
the pump is completely flattened out by the fluid and pipe 
84, 
friction is not confirmed in the present investigatione. 
With both increasing speed and throttle opening, 
the depression wave becomes steeper and at 900 r.p.m. with 
the nozzle at the setting becomes almost vertical. ruel 
oscillations in the tube occur with intensities increasing 
with increased speed and larger throttle but in no case 
are they of sufficient magnitude to cause reinjection. 
a feature of the pressure records particularly 
noticeable at the higher speeds is a peculiar sudden drop 
in pressure in the pump pressure record during the early 
part of the delivery stroke. The drop does not occur at a 
fixed time interval following the start of pressure rise 
registered at the measuring point near the pump, but takes 
place at time intervals varying with pump speed. The 
occurrence may therefore be dissociated from, peculiarities 
of the measuring system. 
As will be evident from the plunger lift and 
velocity curves in Fig. 38, no discontinuity occurs. Careful 
examination of the pump plunger and barrel showed no defects 
likely to cause leakage at this period. 
The writer is therefore of the opinion that the 
phenomenon is associated, with the lift of the delivery 
valve as being the only other variable in the system capable 
of showing such a drop varying with pump speed. When the 
8 5 . 
arrival of thierp..essure drop at the nozzle coincides with 
needle lift, partial closing of the needle takes place 
followed of course by a strong opening as the pressure defect 
is overcome by the increasing reinforcement. This feature 
is particularly. noticeable at the 750 speed range for the 
higher needle settings. 
(ii) gS112121...=Wis. 
et the lower ereeds owing to weak primary waves, 
strong nepative reflections from the nozzle and weak rein- 
forcements from the pump, needle opening pressures are not 
maintained, and the rate of discharge fluctuates. The speed 
at which such fluctuations become marked, varies with pipe 
length and rith needle valve setting. At the speed of 205 
r.p.m. and needle settingof 150 and 200 atmospheres, the 
needle resents following initial opening, due to pressure 
deficiency followed by repeated re-opening and closing in 
response to pressure accumulations, and depletions. et the 
SaMe epeed, but with the needle set to 100 atmospheres, 
while fluctuations in dischar7e rate are evident in each of 
the three pipe lengths investigated intermediate resenting 
and reonenirve of the needle before -Unal closure does not 
Occur. 
The degree of fluctuation increases with both 
increose of needle tension and pipe length and in the case 
86. 
of the 200 atmosphere setting at a speed of 205 r.p.m., 
the discharge characteristics with the eight feet pipe were 
not consistent but varied from stroke to stroke of the nump. 
With a pump speed of 350 rp.m. discharge fluct- 
uation persist end are characterised by a weak opening, a 
reasonably well sustained intermediate period and weak term- 
ination. The fluctuations increase with increasing needle 
tension and pipe length. When the speed of the pump is 
increased to 450 r.p.m. the character of the discharge 
chanee to that of a rather weak opening followed by a well 
sustained injection, which persists throughout the discharge 
period, the injection terminating in a sharp clean manner. 
The weak opening is intensified with increasing needle tension, 
and owing to the relatively long period between reinforce- 
ments, the influence of needle movements, now smell with the 
shorter pipes, still shows to a large degree in the eight 
feet pipe. The hirher nump speeds of 700 and 900 r.p.m. 
give generally desirable injection characteristics consistin 
of , sharp opening, a sustained period under increasing pres- 
sure ensuring good penetration and atomisation and a clean 
termination. This applies to all needle tensions and pipe 
lengths with a fer exceptions notably at the pump seed of 
700 r.p.m. With increesing speeds, the possibility of 
adverse injection rates obtaining is minimised due to the 
stronger impulses from the ump, but certain conditions may 
87. 
exist depending on residual pressure, oump speed, pipe length, 
throttle and needle-tension, whereby the initial opening of 
the needle is accomp-nied by a pressure drop of such magnitude 
that the oncoming wave is unable to immediately make up the 
deficiency. Neglecting these minor variations, it may be 
stated that within the scone of the injection conditions 
investigated discharge fluctuations likely to be detrimental 
to efficient engine operation cease at a pump speed of about 
450 r.o.m. 
Unfavourable opening conditions of discharge 
persist throughout a greater range of speed than defective 
closing characteristics. T-ith isolated exceptions, terminal 
injection under low or fluctuating pressure does not occur 
at pump speeds greater than 350 r.p.m. 
At the lowest speed investigated, the injection 
takes place under a falling pressurecharacteristic, the 
maximum pressure throughout the injection being that at 
needle lift. 'lien the pump speed is increased to 450 r.p.m. 
the pressure reinforcements from the pump maintain a slightly 
rising characteristic and at the higher speed ranges messure 
at pump and nozzle rise rapidly with increase in speed and 
show close correlation with corresponding pump plunger veloc- 
ities. In general, the maximum pump pressure is less than 
the maximum at the nozzle with the notable exception of the 
88. 
8 feet pipe at 350 r.p.m. In this particular case, as 
previously noted, the maximum pump pressure is greater than 
that at the nozzle for the three needle settings investigated. 
The discharge and pressure characteristics for a 
given pipe length and pump sneed at the maximum throttle 
opening are largely maintained at lower throttle openings 
tinder the same speed and load conditions. This is partic- 
ularly noticeable at the lower speeds and low needle settings 
where residual pressures are comparatively small and cause 
little variation in the absolute values of the pressures 
in the fuel line. Under these conditions, the effect of 
decreasing throttle is as it were to cut off portion of the 
full load characteristic. In the records for the 2 feet 
pipe for a oump sneed of 350 r.p.m. renroduced in Figs. 56 
and 58, this feature is particularly well brought out. 
it my be further noted that the discharge charact- 
eristics for a given nump speed and pipe length tend to per- 
sist with both increase in needle setting and pipe length. 
Under such conditions, discharge fluctuations occurring with 
the lower needle setting and shorter pipe are intensified as 
is readily observable from a study of the needle lift diagrems 
in Fig. 55, (Polio)* 
At the higher pump speeds, partial or complete 
reflection of the primary wave is sufficient to cause needle 
lift far all conditions of needle setting and throttle var- 
iations investigated. As the speed is decreased, increasing 
FIG. 5.6. 







reinforcement of the primary wave becomes necessary to init- 
iate discharge,the number of reinforcements increasing with 
decreasing pipe length. 
At all speeds investigated, the pressure drop 
consequent upon initial needle lift is transferred as a 
negative reflection to the pump and in all cases, influences 
the slope of the pump press)re characteristics. r,t the 
ounp speeds above 450 r.p.m. increasing puYnp plunger velocity 
enables the reinforcements to overcome the pressure deplet- 
ion and a rising pressure characteristic resultspe slope 
increasing with increasing speed. As the speed falls below 
500 r.p.m. however, the effect becomes increasingly felt 
and at a pl)Mp speed of 200 r.p.m. injection takes place 
under a falling pressure characteristic. At the higher 
speeds, the pressure reflection and reinforcement necessary 
to cause needle lift decreases with speed and throttle 
increase. With the lower speeds, due to variation in 
residual pressure, the same consistency is not observed. 
EXPE1IMENTAL RESULTS. 
SECTION IV. 
(i) Measurement of Records. 
(ii) Explanation of Tables. 
(iii) Discharge Characteristics. 
90. 
(i) S7OTLO!. IV. TXPTPIMTNTAL RTSULTS. 
Mile useful information regarding the injection 
process may be obtained from visual ex,lmination of the 
records, it was realised at the outset of the investigation 
that unless specific values could be assigned to the more 
important features of the characteristics, much of the 
possible usefulness of the work would be lost. 
Accordingly, throughout the experiments every 
care has been exercised in maintaining constancy of record- 
ing conditions with a view to enabling a common scale to be 
applied to the results. With so many variable factors 
influencing both the operation and recording small variations 
over an extended series of experiments are inevitable but 
frequent checking throughout the work showed close agreement 
of recorded results. 
The measurements recorded in Tables 3 to 11 were 
made by traversing the negatives on a specially adapted 
micrometer stage of a Zeiss Metallurgical Microscope reading 
to 0.1mm., observations being made through a No. 4 ocular 
with cross-hairs and a Zeiss planar 1:4.5 R. 3.5cm. objective. 
These conditions of observation gave a reasonable magnification 
without unduly destroying the distinctive outlines of the dia- 
grams. 
91. 
The Tables 3-11 are arranged under the respective 
pipe-lengths and needle settings and the data is set out 
against speed, in groups corresponding to nominal speeds of 
900, 700, 450, 350 and 200 revolutions per minute respectively. 
A short explanation of the Tables is 4J.12-en in the 
following Section. 
(iA) MTLANATION of TOLES. 
Sneed: With cyclic and voltage variations occur- 
ring in the mains, motor. speed varied above and below the 
nominal setting. The actual pump speed at the instant of 
taking the record was obtained as previously described by 
taking the record over a fixed angular sweep of the pump, 
and from the time-base, determining the corresponding time 
in milli-seconds. For the two higher speed ranges, the sweep 
was set to 80° and for the remaining ranges to 60° of pump 
rotation. 
Throttle: The settings designated 1 1 
/ 
and 2 
4 2 4 
throttle do not refer to the fraction of the full charge, 
but to the position of the throttle control rod relatively 
4 
to its full travel. The full charge on the pump investigated 
corresponds to a travel of the control rod of 24 mm. from 
the *Stop" position. 
Scale of Time: changing pump speeds required 
alteration of the velocity control to give a reasonable 
92. 
length of diagram. It was not possible therefore to work to 
a fixed setting and the time-scale in millimetres per milli- 
seoond varies with chairing pump speed. 
121:: The lag is a measure of the time taken for 
the initial pressure impulse to traverse the pipe between 
the pressure-measuring points. It does not indicate the time 
lag between closing of pump suction port and the arrival of 
the pressure impulse at the noz7le as the plunger will have 
moved through portion of its delivery stroke compressing the 
fuel in the pump barrel to that existing in the pipe beyond 
the delivery valve before the first pressure rise is noted 
at the first measuring point. 
The distance measured is greater than the nominal 
lengths of the pipes tested by the sum of the distances 
between the pipe ends and the diaphragms of the measuring 
points. The actual distances over which the lag is measured 
are:- 
With 2 Feet pine 
with 4 Feet Pipe 
With 8 reet Pipe 
33.175 inches. 
57.175 
105.175 ii , 
All time measurements are made taking the point of 
initial pressure rise at the first measuring point as zero time. 
93. 
Velocity of Propagation of rressure wave: These 
columns are determined from the lengths noted above and the 
measured time lag. 
In'ection LaE21111:1-seconds). Figures in this 
column express the injection time-lag measured between the first 
indication of pressure rise at the indicator near the pump 
and needle lift. The pressure rise at the first measuring 
point in relation to closure of the suction nort by the 
plunger measured in degrees of pump angle showed such sli7ht 
variation throughout the speed and load range,. and as absolute 
values were not sought, special arrangements to measure the 
differences were not adopted. 
The values of injection lag (and also cut-off 
lag) are therefore only comparative within an accuracy 
dictated by variation in residual pressures. 
The capacity of the pump chamber between suction 
port end delivery valve is a little in excess of 450mm.3 
and taking a compressibility coefficient of 1/10.000 per 
atmosphere, the maximum variation throughOut the speed and 
load range investigated does not exceed one degree of pump 
revolution. 
Injection Lag (Degrees). The Injection Lag in 
degrees Is obtained from the measured injection lag in 
milli-seconds and the corresponding pump speed in the first, 
94. 
column. 
Valve Opening In Milliseconds and Degrees. The open- 
ing is measured in millimetres on the valve lift diagram and 
from time-scale and speed data converted to milliseconds and 
degrees. 
Cut-Qua s (Alli-seconds and De rees). These 
columns give the time interval between pump release and 
needle closure. To determine the release point in relation 
to the initial rise of pressure indicated on the pump- 
pressure records; the throttle was set and the phase selector 
of the mechanical time-sweep adjusted until the first 
pressure rise coincided with initiation of the spot's excur- 
sion across the screen. On slowly rotating the pump by 
hand; and noting its angular position at the instant the 
spot begins to move; the above condition on the screen 
becomes a known point in relation to pump rotation. '7'ith 
continued slow motion of the pump; the point of release was 
clearly felt and the angular position of the pump again 
noted. The difference between the readings gave the number 
of degrees between arrival of the pressure wave at the 
first measuring point and the point of release for the 
given throttle setting. 
95. 
Maximum No'771e Pressure and Residual Pressure: 
The maximum pressures occurring in the nozzle pressure 
records were measured in milli-metres and from the nressurl 
calibration graphs (Fig. 47) the corresponding readings in 
KG per CM2 obtained. The same procedure applies to the 
residual pressures. Owing to the unequal biassing of the 
tube plates, the time and pressure axes of the records are 
oblique and not rectanular. Pressure measurements were 
therefore made parallel to the axis obtained by drawing a 
line through the centres of the stationary spots as 
indicated in Fig. 48. 
Tables 12-14: The discharge in cubic millimetres 
per pump stroke for the variable operating conditions exam- 
ined are recorded under headings of pipe-lengths. The 
measurements were taken under the conditions outlined in 
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96. 
DISCHARGE CHARACTERISTICS in RELATION to PUMP SPEED THROTTLE 
OPENIN PIPE LENGTH and NEEDLE TENSION. 
(iii) (a) Initiation and Termination of In'ection. From 
the point of view of practical operation, the important 
features of the injection process are the initiation and 
termination of injection in relation to pump and hence enp:ine 
movement, the duration of the discharge and the quantity 
and atomisation of the injected fuel. With the exception 
of the latter phenomenonwhich can only be indirectly studied 
from the pressure and needle lift records of the present 
work, but which has been extensively investigated by several 
workers including Juhaz(25),the above mentioned features 
have been observed over a fairly wide range of pump speed and 
load operations. 
Dealing firstly with the important questions of 
initiation,termination and duration of injection, the 
observed results in Tables 3-11 have been plotted as curves 
on a basis of pump speed, The curves are not exact but 
give a general indication of injection tendencies. check 
recordsmade at a few intermediate points agreed very 
closely with the drawn curves but the writer is not prepared 
to say that discontinuities do not exist. 
Two series of curves have been drawn with time 
and degrees of pump angle as ordinates respectively. (Figs 
59-85). In each seriew4, the lower curve denotes the noint 
97. 
of opening of the needle, the upper curve the termination 
of injection. Both time and pump degrees are measured 
from the arbitrary zero represented by the first indicat- 
ion of oressure rise at the pressure recorder near the 
pump. The release curve included in each series is also 
measured from the same zero as explained in Section 2, 
Part IV . Vertical ordinates between the needle opening 
and needle closing curves give the duration of injection 
at a given pump speed. Similarly the ordinate between 
the upper curve and release curve in each series denotes 
the cut-off lag. Comparative injection lags are measured 
between the base and the needle opening curve. 
Before discussing the curves, it will be advis- 
able to consider, briefly, certain operating characteristics 
peculiar to the injection system investigated. In contra- 
distinction to the open nozzle injection system, wherein 
initial discharge is effected against a more or less constant 
pressure determined by engine onerating conditions, the 
sering-loaded system encloses in the fuel-line between 
successive injections a volume of oil at a pressure varying 
for given pump and nozzle dimensions with pump speed, load 
and pipe length. This residual pressure exercises consider- 
, 
able influence upon the injection characteristics more 
particularly on the injection leg, and so many factors serve 
98. 
to determine its magnitude that this one question would of 
itself form the subject for an extensive research. In the 
present work, it will suffice to briefly consider the ob- 
served results in the light of certain factors affecting 
their magnitude and to note the influence of residual 
pressure variation upon injection characteristics. 
In the general analysis of the injection charact- 
eristics, it was noted that at the higher pump speeds, the 
pressure in the system increased with increasing speed through- 
out the discharge period, and, for a given speed, with 
increasing throttle. On the other hand, at the lower pump 
speeds due to the increasing influence of needle movements 
on relatively weak pressure waves considerable fluctuation in 
pressure persisted throughout the injection, more particularly 
with the longer pipe lengths and higher needle settings. 
since therefore in the system under investigation,the fuel- 
line is unloaded by a constant volume at all speed and load 
conditions it might be expected that at higher pump speeds 
residual pressures would increase with both speed and throttle 
increase, would fluctuate at the lower speeds, and for all 
speeds and throttle settings increase with increasing needle 
tension. 
A survey of the results tabulated in Col. 13, Vibles 
3-11 reveals that in general residual pressures: 
99. 
(1) Increase for a given pump speed and pipe 
length with increasing needle tension. 
(2) Increase for a given pump speed with 
increase in pipe lennth at speeds below 
450 r.p.m. 
( ) Increase with throttle increase at a nom- 
insl snecd of 900 r.p.m. for all needle 
tensions investigated, and at nominal 
speeds of 700 'And 900 r.p.m.,for the lower 
needle tensions of 150 and 200 KG per 0112. 
(4) Vary irregularly under conditions other than 
outlined above. 
(5) Vary in magnitude for a given throttle setting 
throughout the entire steed range investigated 
rising and falling as speed is increased and 
invariably showing relatively high values at 
the lowest speed examined (200 r.p.m.) 
It is evident from this broad survey that while in 
general residual pressures tend to conform to the simple pre- 
mises outlined, there are nevertheless certain features which 
do not admit of such ready explanation. In seeking to account 
for these, it becomes necessary to, consider certain fsctors 
which may influence the magnitude of the residual pressures. 
1N). 
In the first place, the mechanism of needle closing 
may be expected to exert a considerable influence on residual 
pressure values as determining the duration of fuel expansion 
through the nozzle after release has been effected at the 
pump. Upon the arrival of the negative wave following pump 
release, the needle mill close in a manner determined by theee 
principal factors. 
(1) The ereseuee obtaining at the needle at the 
moment of arrival of the negative wave. 
(2) The intensity of the negative wave. 
(3) The position of the needle relatively to its 
seat. 
nth regard to the first point, the present experi- 
ments have shown that at pump speeds in excess of 400 r.p.m. 
the pressure at the needle increases throughout the discharge 
with both speed and throttle increase; below this speed press- 
ure conditions fluctuate. The maximum pressures at the needle 
for 1- throttle opening vary but little throughout the speed 
range for a given pipe length and needle setting. 
The intensity of the negative wave is dependent upon 
the rate of closing of the delivery valve and the velocity of 
the fuel in the line at release. Both factors are functions of 
pump plunger velocity since the closing of the delivery valve 
is dependent upon the rate of uncovering of the spill port. 
101. 
The time of closing Will sieo depend on the distance of the 
delivery valve from its seat and this again is dependent on 
pluner velocity increasin. with increasing speed and 
throttle opening. 
'It the lower pump speeds and smallest throttle 
ooanin s at higher speeds the needle may not as the records 
clearly show attain to its full lift, but float near its 
seat. Consecuently the arrival of even relatively weak 
negative waves may cause the needle to seat comparatively 
quickly thus sealing the line at a relatively high oressure. 
On the other hand when at the higher e!:.eeds and throttle 
settings, the needle is raised to its full lift and maintained 
in that position throughout the injection period? needle 
closure may be relatively delayed on account of the closing 
inertia even after the arrival of a comparatively strong 
negative rrave. In this manner, the fuel may continue to 
expand through the nozzle to a pressure below the normal clos- 
ing pressure of the needle. 
Closely associated with (2) above, as affecting 
the expansion of the fuel following release is the nature 
of the release action. In contra distinction to the opening 
of the needle which takes place largely as the result of 
pressure wave propagation, the termination of injection is 
dependent upon hydrostatic action to a degree varying with 
pump speed. This effect is particularly noticeable at the 
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lower speeds where owing to the relatively slow uncovering of 
spill port, the fuel expands slowly to atmospheric pressure 
befere the unloading action comes into effect. As ras shown 
in Fart IV cection(iii)the effect of the unloading valve in 
determining the rate of needle closinti, is comnaratively small 
at the lower pump speeds. Owing to the greeter fluid volume 
and fluid resistance, it is reasonable to suppose that with 
increasing pipe length, the pressure drop due to hydrostatic 
action (speed and loading oonditions remaining constant) 
will be less and the residual pressure correspondinly gresteA 
the effect increasing with increasing needle tension. 
rinelly, leekage through either the delivery 
valve or needle during the interval between successive inject- 
ions introduces a disturbing factor largely dependent upon the 
mechanical condition of the parts but not indenendent of oper- 
ating conditions as shown by Le Mesurier and Stensfield 
Examination of these several factors shows that 
resi6ual pressures are not built un in a regular manner but 
dependent as they are upon the resultant effect of several 
factors varying in magnitude with load and speed change may be 
expected to show considerable variation throughout the speed 
range of the pump. 
it is seen that owing to effects associated with 
needle closing in combination with hydrostatic expansion, 
pressures at the lower speeds are of greater magnitude then 
simple consideration of line-pressure and unloading effect 
would lead one to exnect. This feature is particularly 
103. 
noticeable with the longer bai ,e lengths at the higher needle 
and lower throttle settings. 
Returning to the - vestion of the discharge charact- 
eristics, the important influence of the residual pressure is 
at once evident from a study of the figures and curves relating 
to injection lag. Referring to the figures in Col. 6 Tables 
3-11 and to the corresponding curves in Figs. 59 -85, the 
following general statements relating to needle -opening 
characteristics may he made: 
(i) The Injection lag INCREASES in TIME. 
(a) with decreasing pump speed under constant 
throttle, needle tension and pipe -length 
conditions. 
(b) '<Jith increasing needle tension, regularly 
with higher throttle settings at higher 
speeds, irregularly at lower speeds and 
low throttle settings at the higher speeds. 
(c) 71th increasing pipe length at the higher 
speeds for constant speed, throttle and 
needle tension. 
(2) The injection lag decreases relatively with 
increasing pipe length at the lower speeds with 
increasing needle tension, other conditions 
remaining constant, and tends towards a constant 
104 
value independent of nine length. 
(3) The injection lag DECREASES in time with 
increasing throttle at the higher pump speais 
for constent speed needle tension and pipe 
length. 
(4) The injection lag varies irregularly in time 
under conditions other than those enumerated 
above. 
(5) For a given pump speed, needle tension and 
pipe length, the lag with varying: throttle 
veries with residual pressure, decreasing 
with increasing residual pressure. 
(6) The irregular openine characteristics noted 
in (4) above may be directly correlated with 
corresponding variations in residual pressure, 
higher values of injection lag occurring with 
lower residual pressures. 
(7) 'expressed in n111GREES of pump angle (vide Col. 
7, Tsbles 3-nand curves Figs. 59-85,), the 
injection lag decreases at the higher seeds 
with increasing throttle for constant speed, 
needle tension and pipe-length. 
(8) In DEGREES the injection lag generally in- 
creases with increasing needle tension, but 
is irregular at the lowest speed examined. 
(200 
105. 
(9) In DEGREES the injection lag varies with speed 
in a manner dictated largely by the length of 
pipe as affecting the residual pressure. As 
may be observed from the need7e opening curves 
in the upper series of I7igs.59194the injection 
lag for the two feet pipe tends towards a 
falling characteristic with increase in speed, 
that for the four feet pipe a constant or slightly 
rising char-cteristic while the eight feet ripe 
shows an almost continuous increase. The char- 
acteristic for all pipe lengths shows a relatively 
small lag at the lowest speeds examined. 
The outstanding fe'.ture of the injection lag charact- 
eristic is the close relationship existing between lag and 
residual pressure, and the marked influence of the latter at 
the lower speeds with higher needle tensions and with longer 
pipes. So great does this become that injection lag is in 
no way comparable with ripe length. 
That the injection lag should increase in time with 
degrease in speed is only to be exnected in view of the de- 
creasing rate of building up pressure in the fuel line. Owing 
however to the factors introduoed by varying residual pressures, 
the time variation is not a simple:function of the steed and 
the corresponding lag expressed in degrees of pump angle shows 
considerable fluctuation throughout the load and speed range. 
-106. 
In contrldistinction'to the injection lag which 
in general shows a marked increaSe in time with decreasing-pump 
speed, the cut-off lag while showing a tendency to increase in 
time with decrease in epeed remains relatively unaffected by 
speed variation. Accordingly, as may be observed from Pigs. 
59-85, there is a fairly regular increase in the termination 
of injection with increasing pump speed when measured in 
degrees of pump-angle. 
In general, the cut-off lag increases both in time 
and degrees with increasing pipe length, but shows no direct 
relation to increased needle tension for constant pipe-length. 
It would appear that the cut-off lng is largely 
dependent upon the rate of closing of delivery-vclve -,1.1(1 needle. 
kt the higher steeds owing to the rapid uncovering of the spill 
port, the delivery valve seats relatively quickly thus setting 
up a comparatively strong negative wave. This is, however 
associated with high pressures at the nozzle, and full needle 
lift thus making the time of termination of injection at the 
higher speeds comparable with those existing at the lower 
speeds, where a weaker negative wave is largely offset by the 
near acproacl, of the needle to its seat and lower pressures 
at the nozzle. 
FIGS. a sai* 












































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































(b) nuration of Injection. 
In Columns 8 and 9,Tables 3-ll the duration of 
needle opening is recorded in time and degrees respectively 
and corresponding values are ehown by the ordinates between 
the needle-opening and needle-closing curves (Figs. 59-85). 
The duration of discharge for given speed and load 
conditions will evidently 'ee the resultant of the combined 
effects of the injection and cut-off characteristics outlined 
in the previous sections and may therefore be expected to vary 
in sympathy with the several factors serving to determine 
their magnitude. Of major importance is the relative variation 
in time and degrees of injection initiation and termination 
throughout the speed range of the pump. In this regard, it 
will be recalled that while the injection lag increased in 
time with decrease in pump speed in a manner more or less 
proportional to speed the cut-off lag showed relatively small 
variation throughout the speed range of the pump. Accordingly, 
in general, as may be observed from the tables and curves re- 
lating to duration of needle opening, the discharge increases 
in time but decreases in degrees with decrease in pump speed 
other conditions remaining constant. Owing to the irregular 
variations in residual pressure and the resultant change in 
injection lag, certain irregularities occur especially at the 
108. 
lower speeds. These are however of minor consequence and the 
above general statement holds with reasonable fidelity through - 
out the entire speed range examined. The duration of discharge 
remains sensibly constant for increasing pipe length with 
minor fluctuations occurring under conditions of irregular 
opening and closing characteristics. 
With increasing needle tension, the injection lag 
increases for a given pipe length while the out -off leg 
remains comparatively unaffected. Accordingly, it is noted 
that in general the duration of discharge decreases with 
increasing needle tension for a given pipe length, the 
decrease beorcing less marked at the lower speeds for all 
pipe lengths examined. 
(e) p1sc3.s:1E 
The discharge in cubic -millimetres ner pump stroke 
under the variable conditions of operation is set out in Tables 
12 -14 and the corresponding values plotted against pump speed 
in Figs. 8 - 95. 
Following upon the analysis of the duration of 
discharge in the previous section wherein it was observed that 
the duration of discharge was relatively independent of pipe- 
length and decreased with increasing needle tension, it miht 
be assumed that the discharge would follow a similar sequence. 
There are, however, certain fundamental processes of energy 
109. 
distribution associated with the discharge which serve to 
modify this aseumption. For a constanteolume displacement 
the pump, the resultant energy change lathe fuel line eill 
be divided between compressing and discharging the fuel and 
for a constant residual pressure, the Nean pressure through- 
out the discharge period will decrease with increasing pipe 
length owing to the increased volume of the system. In a 
system which is fully relieved to atmospheric nressure between 
successive pump strokes, the discharge, against a given needle 
tension will thereforeIneglecting for the moment the effect 
of pressure weves,decrease almost proportionally with increase 
in pipe length. With the system under investigation, the full 
relief to atmospheric pressure does not take place: instead, 
a residual pressure varying throughout the entire speed and 
load range exists in the system as the result of constant 
volume unloading under all speed and load conditions and in 
consequence of certain factors associated with needle move- 
ment and hydrostatic expansion of the fuel. Under these 
conditions, the energy input will obviously vary with the 
residual pressure being greater for greater values of the 
latter.Owing to the relatively large residual pressures obtain- 
ing with the longer piee lengths, the deficiency in mean 
pressure on account of increased volume is greatly offset and 
although a slight decrease in discharge may in general be 
TABLE 12. 
2 FEET PIPE 
DISCHARGE - MM3 PER STROKE. 
THRO TTLT;; 
100YG per =2 150KG per 01,12 200KG per CM2 
SPEED DI SCHAR G SPEED 
. 
. . SPEED DISCHARGE 
888 23.80 900 23.50 876 23.20 
882 81.8o 906 81.00 894 79.50 
4 900 136.80 906 136.50 858 136.10 
4. 
678 22.58 708 22.30 678 20.20 
666 81.6o 690 81.00 678 79.00 
4 7o8 136.90 690 136.40 666 136.00 
4 411 19.10 426 18.10 420, 17.70 
402 80.00 42e 78.20 408 77.40 
4 42r 13(;.50 /1,0 136.00 402 135.50 
312 19.3c 330 17.80 312 16.10 
306 78.60 318 77.40 315 76.20 
318 135.50 310 134.60 300 133.30 
.`; 19.30 216 16.20 204 14.60 
76.00 198 7A.70 192 73.00 
132.50 192 131.60 186 131.00 
TABLE 
4 PETIT PIPE. 
IrscHARGE MM3 PER STROKE. 
THROTTLE 








a. 4 870 28.50 870 25.00 894 24.80 
i 910 83.0n 888 80.00 885 77.60 
A 4 882 137, 916 135.70 888 135.00 
1 
4 68o 27.20 684 23.50 702 22.10 
i 684 82.80 684 79.20 695 77.10 
684 137.40 696 135.30 723 134.6, 
7 414 20.00 ' 18.30 402 17.40 
414 80.00 76:80 414 74.00 
414 135.70 133.90 441t 133.10 
: 
- , 19.30 ,' 17.80 324 16.70 
78.50 
- 75.20 318 73.00 
135.10 132.80 330 131.9' 
: 
195 17.40 - 15.40 204 13.60 
, 
192 74.60 72.30 204 71.80 
192 134.00 I-, 131.40 204 130.20 
TABLE 2A, 
8 FEET PIPE. 
DISCHARGE - rí3 PER STROM% 







, , - 
,1-.1. 
PISCHADC 
894 26.48 906 24.70 876 23.90 
900 82.0f) 906 76.60 876 75.70 
, 
141.2() 882 135.50 87c 135.20 
25.93 702 24.40 684 22.50 
81.80 690 76.10 678 75.10 
3 
7; 141.20 702 13 _, 672 13/_.50 
24.90 426 22.50 408 ? . 
i 78.38 408 74.30 408 
, 139.30 408 134.00 390 132.60 
.?-.. 
4 _ 20.50 330 19.60 318 16.7 
76.34 312 73.20 315 71.70 
i 
- 
13r,.30 315 133.00 306 132.10 
a 
-d- 
i92 17,90 210 17.10 198 14.60 
i 198 76.42 198 72.00 198 7o.70 
s 186 137.80 192 130.80 192 129.60 





































































































































































































































































































































































































































































































































observed froT the discharge data in Tables 15.17, this Is 
not invariably so. Under certain conditions where bnormally 
high residual pressures exist as at the lower speeds and lower 
throttle openings at higher speeds, the discharge actually 
increases with increasing pipe length. 
On the other hand in accordance with the analysis 
of discharge duration discussed in the previous section for 
6iven pipe length, the discharge invariably decreases with 
increasing needle tension for constant speed, throttle and 
pipe length and decreases with decrease in speed. In this 
reaard, it will be observed that owing to the erratic nature 
of needle opening at the lower speeds where periods of open- 
ing Llternate with periods of oomolete closure, the duration 
of needle opening which eubraces the periods of closure, 
has little bearing on the resultant volumetric discharge. 
The discharge at the lowest throttle opening as will be ob . 
served from the discharge curves shows considernble variation 
not directly related to speed variation, 
The variation in discharge noted above ore of a 
minor order and the comparative constancy of discharge under 
the widely varying conditions examined is e pleasing feature 
of the system. 
(d) Maximum Pressures. 
The maximum pressures obtaining at the nozzle for 
the variable operating conditions examined are set out in 
001. 12, Tables 3-11 and the trend, of pressure rise with 
speed shown in Figs. 96 - 104. 
For all throttle openings at the lowest speed 
(200 r.p.m.) and for the throttle opening at all speeds, 
the maximum pressure at the nozzle does not rise above that 
obtaining behind the needle at the instant of opening. As 
may loe observed from Figs. 96-104, this shows a slight but 
fairly uniform increase with increasing pump speed. At 
speeds in excess of 300 r.p.m. (nominal) and for throttle 
openings greater than the maximum pressures at the 
nozzle increase though not uniformly with increase in speed 
and throttle opening. The period during which higher 
pressures exist behind the needle also increases with speed 
and thus the quality of the injection on account of finer 
atomisation is improved. 
The rate of pressure increase with speed increases 
with increasing throttle as shown by the steeper slope of 
the curves (Figs. 96-104) and although some variation is 
noticeable,the same holds true in general for pressure in- 
crease with increasing throttle at constant speed as shown 
in Fige. 104.406. 
riGs. 120. 













































































































































































































































































































































FIGS. 1.9.4 - 106. 





200 R.P. M. 







900 R.P. M. 
700 R.P. M 
450 R. P. M. 
350 R. PM 
200 R. P. 




900 R. PM. : 
670 RPM. M.
4/0 RP. M. !, 
380 R.P.M. 
200 R.P.M. 
900 R. P. M 
790 R.P. /I. 






200 R. P. M. 
950 R.P.M. 





With increasing needle tension, the maximum pressure 
behind the valve increases for both speed and throttle increase 
and for constant throttle, speed and pipe length, the pressure 
difference between the maximum and needle-opening pressure is 
proportionally maintained. In this regard the finding of 
Gelalies and Marsh 
( 26) 
that the maximum pressure behind the 
needle with increasing needle tension is proportionally less, 
is not substantiated in the present investigation. 
(e) RATE of TMOPAGATION of PRESST E W VES. 
Although the nature of the experimental records doe s 
not permit of that accuracy of measurement necessary for the 
precise determination of the velocity of wave propagation, 
the values obtained in the investigations by measurement of 
the time interval of pressure rise between the twee measuring 
points are included as a matter of interest. 
Owing to such faotors as variation in line thickness, 
relatively small distance between the points of pressure rise, 
and the comparatively slow rate of rise in pressure, small 
weight can be attached to the results obtained with the two 
feet pipe ,fith a needle tension of 100G per 0M. For similar 
reasons, the results obtained at the lowest pump speed of 200 
r4p.m, are in general unreliable. The lag for donditions 
other than those noted are set out in Table 150 the means for 
each nominal speed examined being noted in the last column of 
TABLE 21. 
VELOCITY of PRESSURE T'AVE PROPAGATION. 




















15c 5142 4690 4501 4616 - 4712 





, 4365 5070 _, _ 4594 
:: 511. 1700 4651 4656 4377 4700 
4783 4498 4769 5074 - 4781 
EIGHT 
FEET 
-. - 4426 4248 4220 4,274 - 4292 
, 
_ 
.., 4512 4499 -, % ._,, 
/yin 
4445 4973 2::, 4583 T.-9 
MEAN VrLOCITY: 
FEET PER SECOND. 
113. 
the table. !part from the eight feet pipe, Which shows 
consistently low values; the results are reasonably uniform 
in magnitude. The mean velocity of propagation derived from 
the mean values oorresponding to nominal speeds is 4595 feet 
per second.. Taking the bulk modulus of the fuel as 266,500 
pounds per square inch; the theoretical velocity of propa- 
gation calculated from the relationship Ir 
' 
is 
approximately 4800 feet per second - a value slightly 
greate r than the mean obtained experimentally. 
114. 
PART V. CONCLUSION. 
The Thesis describes the design and operation of 
a piezo-electric indicator with associated photographic 
equipment and its application to the recording of certain 
characteristics of a Bosch Thjection System. 
The Injection Process is explained on a basis of 
wave transmission of pressure and discharge characteristics 
in association ,eith needle.-valve lift are examined through- 
out a fairly wide range of operating conditions. 
Important conclusions to be drawn from the investi- 
gations may be briefly summarised as follows: 
(I) njsc7iarge increases with in-crease in pump 
speed and decreases with increasing needle tension, the decrease 
being relatively greater with longer pipe length. 
(2) Initiation and termination Of discharge vary 
with pump speed, pipe length and needle tension, the former 
being largely affected by the residual preseare in the fuel 
line. 
(3) Residual pressures fluctuate throughout the 
load and speed range examined and are of relatively high 
value with longer pipes at lower speeds. 
(4) Injection occurs under pressures varying 
with pump speed and needle tension but relatively unaffected 
115. 
by pipe length. 
(5) Injection at the lower speeds is characterised 
by irregular discharge under comparatively low nresaires. 
with increasing pump sneed, discharge occurs with increasing 
regularity under higher pressures and consecuent improvement 
in atomisation. 
(6) post-Injection phenomena were not observed 
under the conditions investigated with normal delivery-valve 
setting. 
116. 
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FIG. 2.- Capitaine vaporiser. 
The combustible mixture was not obtained until 
well towards the end of the compression stroke. 
As shown in Fig. 3, air was drawn in during the 
suction stroke through the automatic air inlet valve 
situated at the end of the vaporiser, and compressed 
during the return stroke. At or near the end of 
compression, the fuel oil was injected in a fine spray 
through a suitable nozzle, and coming into contact 
with the heavily ribbed vaporiser was immediately 
vaporised and formed, with the compressed air, a 
FIG. 3.- Stuart's May, 1890 cycle. 
combustible mixture. The temperature of the air 
heated partly by compression but mostly by the 
heat radiated from the vaporiser was sufficiently 
high to cause ignition of the mixture. Stuart 
stated : "In the meantime the pump `m' will have 
been drawing from the tank `a' a charge of oil 
and at about the time that the piston commences 
to make its second outward stroke this oil will 
be sprayed into the vaporiser and with the com- 
pressed air therein form an explosive mixture 
which, owing to the heat of the vaporiser, is ignited, 
thereby driving the piston forward ". 
There was no control of the rate of combustion 
and detonation was the predominating feature of 
the cycle. There is no evidence of any engine 
working satisfTctorily in strict accordance with the 
May, 1890, specification; for while *Professor 
Robinson describes tests which he carried out on 
FIG. 4. -The October, 1890 cycle. 
the so- called May, 1890, type of engine, this was 
actually (with the exception of the clearance) an 
engine built according to the later October patent 
described hereafter. 
The detonating characteristics of this engine 
led Stuart to commence work on a modification of 
his first patent and before the complete specification 
following his May, 1890 provisional specification 
was filed on 5th November, 1890 he had made 
application on 8th October, 1890 for a modified 
type of vaporiser, associated with radical changes 
in the admission of both oil fuel and air to the 
engine. This type of vaporiser was shown in his 
complete specification for his first patent. 
The cycle of operation for this October, 1890 
application is shown in Fig. 4. The vaporiser was 
connected to the cylinder by a narrow neck, "in 
order ", as his assistant -James Holloway -has said, 
"to keep the heat in the vaporiser ". 
With the inlet air valve altered so as to give 
direct communication with the cylinder instead of 
*Journal Royal Society of Arts, 1891: and "Oil 
Engines of Akroyd Type ". 
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this valve being placed at the end of the vaporiser, 
it became possible to inject the oil into the vaporiser 
at practically any point of the suction or compres- 
sion stroke. "When liquid hydrocarbon is em- 
ployed the injection may be timed to occur at the 
beginning or at any portion of the suction stroke 
or during the compression stroke. We prefer, 
however, to give sufficient time for complete 
vaporisation in order to obtain the maximum 
economy of combustible liquid and this can be 
accomplished by injecting the hydrocarbon during 
the suction stroke ". It is seen from the brief 
description given above that the second or October 
patent embraced the first or May, 1890 patent. 
The contracted -neck vaporiser and valve disposi- 
tion of the later patent were not embodied in any 
working engine, built on Stuart's patents, of which 
any record is known. 
Without in any way detracting from the very 
fine work of Akroyd Stuart, close perusal of his 
work and records indicates that he did not realise 
the far -reaching possibilities of his inventions. 
There is nothing to show that he conceived anything 
more than a very novel and efficient vaporiser, 
although from the very nature of his patents the 
logical development would have been in the nature 
of increased compression temperatures. 
The first two engines made and numbered 
101 and 102 respectively were despatched from the 
works at Grantham on 8th July, 1892, to the 
Pumping Station at Fenny Stratford. The engines 
were rated at 7 nominal horse power and were the 
only two engines made under this licence to be sold 
under this classification -a relic of steam engine 
practice. The engines operated continuously until 
1923, when No. 101 was sold and to the best of 
the Author's knowledge it is still working, or if 
not, has only very recently been taken out of 
service. In either case, opportunity should not be 
lost by British engineers of preserving for all 
time a veritable "old man of the oil engine 
world ", and the Author hopes that steps will be 
taken to preserve it in the South Kensington 
Museum. 
In Table I a few details are given of the early 
1894 type oil engines, supplied by courtesy of 
Messrs. Ruston & Hornsby, Grantham, while 
Fig. 5 shows the indicator cards taken from the 
18 h.p. and 50 h.p. 1900 type. 
TABLE I. 
Details of 21 b.h.p. oil engine, 1894 type. Hornsby- Akroyd. 
Cyl. dia. 61m. 
Stroke loin. 
Max. load ... 2.75 b.h.p. 
Mechanical efficiency 77.0 per cent. 
Compression ... ... 54 to 561b. per sq. in. 
Crankshaft diameter 2in. 
Flywheel 3ft. dia. 
250 
3 in number 
9cwt. 
4cwt. lqr. 
Piston rings .. 
Engine weight 
Flywheel weight ... 
It is a far cry from the vaporiser of Akroyd 




5.- Indicator diagrams, 1900 type. 
present day, but the decisive step towards it was 
taken when Dr. Rudolph Diesel in 1892 filed his 
patent (British No. 7241), for what he later termed 
"a rational heat motor ". The chief point of 
interest in this rather Utopian specification is the 
idea of raising the temperature of the air in the 
cylinder beyond the ignition temperature of the fuel 
by the simple process of compression within the 
cylinder itself. It is unnecessary to describe the 
cycle, which is so well known and which. is now 
of purely academic interest. Suffice it to say that 
the engine was designed to use powdered coal as 
fuel and to work according to the Carnot cycle. 
Only after several years of discouraging experi- 
ments and working on .a second patent of Diesel's 
(British Spec. No. 4243) dealing with the injection 
of the fuel by blast air, did the M.A.N. Co. 
succeed in 1897 in producing an engine operating 
on the now well -known Diesel cycle. 
In the year 1905 when the Stuart patents 
expired, active competition in oil engine develop- 
ment may be said to have been initiated. The 
conflict has been waged with but slight interruption 
on two distinct points - firstly on the argument of 
mechanical versus air injection, and secondly on 
the principle of the four- stroke versus the two - 
stroke cycle. 
The former question has in a natural way been 
thrashed out in the countries of its origin, British 
practice tending towards mechanical injection, and 
Continental towards injection by blast air. The 
solution of this problem has necessitated the com- 
bination of old and tried principles with the new- 
born ideas and principles of the true process of 
combustion and the almost uncanny accuracy of the 
modern machine tool. To say that it has been 
solved is to state a ,truism, for there is no doubt 
that mechanical injection has superseded injection 
by air, which process can now only be looked upon 
as a one -time convenient method of overcoming 
the difficult but logical means of introducing liquid 
fuel into the air for its combustion. 
British engineers were not slow to combine the 
best features of the Stuart and Diesel principles, 
and the short history of the development of the 
compression- ignition engine has resulted in the 
gradual increase of compression pressures and 
consequent decrease in size and influence of the 
vaporiser. This is well exemplified in Figs. 6(a) 
and 6(b), which show the trend in development 
over the short period of six years. 
237 
The Origin and Development of the Heavy -oil Engine. 
When in 1903 E. A. Rundlöf took out patents 
(British No. 12709, 1903) for a two -stroke crank- 
case scavenge engine, the "semi -Diesel" engine 
may be said to have been launched. 
The simplicity of this type and its inherent 
compactness made it a prime favourite for small 
and medium powered units for many years. 
Bolinders, of Stockholm, were the first to under- 
take the manufacture of this particular type of 
engine and until the expiry of the patent rights it 
was generally known as the Bolinder engine. It 
did not receive a great deal of recognition outside 
the Continent, although it was eminently suitable 
for auxiliaries of small sailing craft and 'indeed it 
was used for this purpose with considerable success. 
Immediately after the War, a number of 
leading British firms adopted the design of this 
type of engine and it served a very useful purpose 
in bridging the gap between the vaporiser type and 
the Diesel proper. There is, however, no justifica- 
tion for its being saddled with the ambiguous name 
of semi -Diesel, for it has no connection with the 
Diesel principle. Fig. 7 shows a typical product of 
this period of development. The pressure in this 
type reaches from 150 - 2201b. per sq. inch. 
Coincident with the development of the "semi - 
Diesel ", a new type of oil engine which has been 
variously called "cold starting ", "sprayer ", "airless 
injection ", "mechanical injection" and "high com- 
pression", was gradually introduced. From a 
multitude of only partly understood ideas and 
experiments this engine has eventually taken the 
form of the modern compression -ignition engine. 
The evolution of the type is somewhat unique 
in that it has developed unheralded by any out- 
standing invention. On the contrary, it may best 
be described as the product of the collective 
endeavours of the leading British engineering firms, 
who, although working independently, have evolved 
a typically British engine. The principal advantage 
Atomiser 
offered by this type of engine was that, by direct 
injection, it was possible to obtain comparable 
Diesel performance without the disadvantage of a 
compressor. In the earlier stages of development 
the air was compressed to a pressure 'of 4501b. 
per sq. inch and it was soon found that by due 
regard to considerations such as turbulence and 
combustion chamber design, this figure could be 
reduced to as low as 2501b. per sq. inch. From 
Fig. 6(b), which is typical of the construction of 
7.- Typical two -stroke, 1915 -28. 
the solid- injection engine, it will be noted that while 
the vaporiser or hot bulb of its predecessors has 
disappeared, the peculiar construction of the com- 
bustion chamber ensures that there is a "hot -spot" 
near its geometrical centre in which the tempera- 
ture of the air on compression will be little affected 
by the cooling water in the jackets or cylinder 
head. This "hot- spot ", or its equivalent, is an essen- 
tial element in the design of this class of engine 
and according to the particular combination of 
"hot- spot ", turbu- 
lence, and forma- 
tion of the work - 
A r Valve ing mixture, the 
pressure necessary 
for proper ignition 
may, as stated pre- 
viously, vary be- 
tween 2501b. and 
4501b. per sq. inch. 
Combustion is 
mostly at constant 
volume, but as the 
injection continues 
well after top dead 
centre a greater or 
lesser portion of 
the heat liberation 
takes place at 
constant pressure. 
These engines, in 
common with the 
Exhaust Valve 
FIG. 6. -(a) Typical Ruston engine, 1909; (b) Typical Ruston engine, 1915. 
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types previously discussed, were essentially of 
the slow or medium speed types. Their design, 
based on marine or stationary engine practice, was 
essentially heavy. It was inevitable that designers 
would not be content to leave the realms of high 
speed to the petrol engine. 
The main difficulties to be overcome in the pro- 
duction of a high -speed heavy -oil engine were in 
respect of injection, combustion, and weight. 
Injection. 
Apart from the outstanding service of the late 
Sir James McKechnie, whose common -rail system 
was first successfully applied to submarine engines 
during the War, the injection problem has been 
solved chiefly through fine craftsmanship in the 
design of the pump and through a more exact 
knowledge of the principles of combustion within 
the cylinder. 
The early difficulties of direct injection are 
appreciated when it is considered that a modern 
fuel pump may be required to meter 0.001 cubic 
inches of oil and deliver it at a pressure of 2,0001b. 
per sq. inch in millions of minute globules in a 
FIG. 8. -Deutz fuel pump. 
fraction of one -hundredth of a second, and com- 
bined with . this watch -like delicacy of movement 
the system must possess the ruggedness akin to 
that of a ship's windlass. 
When compression and injection pressures 
were low, pump design followed the Akroyd Stuart 
pattern wherein the charge delivered by the cam 
or crank operated plunger was controlled by spill 
valves operated directly by the governor. With 
increase of speeds, however, more sensitive methods 
have been introduced, and following upon the work 
of Mr. Alan E. L. Chorlton in connection with the 
design of the Beardmore -Tornado engines as used 
in the digirible R. 101, and the subsequent work by 
Bosch and others, the principles of fuel injection 
control have now been firmly established. With 
numerous variations the system of control adopted 
with modern high -speed oil engines may be divided 
into two main classes : (a) variable pump plunger 
travel, and (b) by- passing of oil to the suction side 
at a point during delivery, the point being variable 
and under control. Regarding the first method the 
two principal schemes of operation are the inclined 
cam and the wedge. In each scheme the cam or wedge 
is coupled directly or indirectly_ to the governor. 
of the Heavy -oil Engine. 
FIG. 9. -Bosch fuel pump. 
The Deutz fuel pump (Fig. 8) shows clearly 
the former method, and (Fig. 9) showing a section 
of the Bosch pump, the action of which has become 
classical, illustrates the second method of control. 
A novel and very successful type of pump fitted to 
the Ganz -Jendrassik engine embraces a cam - 
operated suction with spring delivery. Referring 
to Fig. 10, which shows a section through the pump, 
the cam A, on depressing the rocking lever B,. 
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which pivots on the push rod C, compresses the 
injection spring D, and the hollow plunger F is 
forced down in its suction stroke under constraint 
of the spring E. The fuel is admitted at G and 
passing through a small orifice into the hollow 
plunger, enters the pump chamber through the 
inlet valve I3, which makes a seating with the top 
of the plunger. At the beginning of injection the 
trip cam releases the rocking lever, which is forced 
upwards by the spring D and by means of the push 
rod J actuates the plunger, which delivers the oil 
to the atomiser through the non -return valve K. 
The oil delivery to the engine is thus at approxi- 
mately constant pressure. The quantity of oil 
delivered is governed by the wedge M, which under 
the control of a centrifugal governor varies the 
duration of the suction stroke. 
Combustion. 
The success of mechanical injection has 
involved an intense though somewhat empirical 
study of the process of combustion. It was not 
until the fundamental difference between the com- 
bustion of a gas mixture and the burning of oil 
droplets in air was realised and partly understood 
that any real advance in high -speed oil- engine 
design was made, and in spite of our knowledge 
of the subject at the present day it must be admitted 
that much room for improvement exists before this 
type of engine may be said to be fundamentally 
sound. 
To appreciate the problem, it is essential to 
understand that when minute globules of oil are 
injected into the cylinder some time is necessary to 
enable them to absorb heat from the hot compressed 
air. This period depends principally upon three 
factors : (a) the degree of compression and hence 
the temperature difference between the oil and air, 
(b) the fineness of pulverisation and turbulence 
of the injected charge, and (c) the ignition point 
of the fuel. 
A consideration of these factors would at first 
lead one to conclude that for given constant con- 
ditions the ignition lag would be independent of the 
speed. Actually, the lag decreases with increased 
speed, due to the fact that heat losses are lower 
during rapid compression and that therefore the 
compression pressure and temperature increase. 
The higher pressure decreasing the ignition point 
of the oil and the higher temperature increasing 
the rate of heat transference from air to oil, the 
result is a decrease in the ignition lag. From the 
point of view of the development of the high -speed 
oil engine this is a most important consideration. 
After a small portion of the more finely 
divided fuel is ignited, the resultant increase of 
temperature makes combustion of the fuel in the 
cylinder almost instantaneous and a sudden rise in 
pressure taking place at almost constant volume 
follows. By this time, the air in the immediate 
neighbourhood of the oil spray has been consumed 
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FIG. 11: Combustion diagram of high -speed oil engine. 
for its oxygen; the rate of combustion is lowered 
and the rate of pressure rise decreased. These 
stages are shown in Fig. 11. 
It will be seen, therefore, that excess air is a 
necessity in a high -speed compression -ignition 
engine in order to provide the fuel with a reason- 
able opportunity of obtaining an adequate supply 
of oxygen for combustion and to enable reasonably 
rapid combustion to occur. Since the weight of air 
drawn in per stroke is appreciably constant at all 
loads, and only the fuel is varied, it is evident that 
the temperature after combustion, and hence the 
specific heat of the exhaust products, will be lower 
at low loads than at greater loads and that the 
combustion will be completed in a shorter period 
of time. As these factors tend to increase the 
indicated thermal efficiency and the mechanical 
losses remain sensibly constant for any given speed, 
the compression- ignition engine fuel consumption 
curve shows the characteristic that as the load is 
decreased, the brake thermal efficiency increases 
until the mechanical losses predominate and cause 
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characteristics are shown in Fig. 12, which is a 
performance curve of a typical high -speed auto- 
mobile oil engine. The constant torque characteris- 
tic of the oil engine is also well illustrated. 
Desirable as these characteristics of the oil 
engine may be, they lead to one very great draw - 
back -the relatively low b.m.e.p. inherent in 
present -day oil engine design. The greatest problem 
in the development of the oil engine is that of 
burning a rich oil -air mixture. That it has not been 
solved is evidenced by the fact that while the 
efficiency of the oil engine is higher than that of 
the petrol engine the b.m.e.p. is considerably less, 
and attempts to burn more oil with a given amount 
of air result in poor combustion, loss in efficiency 
and smoky exhaust. The multitude of combustion 
chamber designs, each supported by some new 
theory, indicate the almost frantic efforts being 
made to solve the problem. Controlled turbulence, 
bringing a greater weight of air into, contact with 
a given quantity of atomised oil in a shorter period 
of time, is the guiding principle of every new type 
of design. While considerable success has been 
achieved in some well -known designs, it must be 
apparent to even the most casual observer that in 
spite of the ingenuity of some of these designs the 
problem is being tackled from the wrong end. In 
the first place, the characteristics of the fuel used 
in oil engines are imperfectly understood. What, 
for instance, is understood by the so- called ignition - 
point of a fuel? It is doubtful if two engineers 
would place the same meaning upon it. Secondly, 
the combustion process of such fuel has received 
scant analytical study. Oil engine fuel is selected 
more or less haphazardly, and comparatively little 
has been done to reduce it to specification apart 
FIG. 13 Leyland cylinder head. 
FIG. 14.= A.E.C. cylinder head. 
(A.E.C. copyright). 
from certain physical characteristics of the "not 
greater than" - "not less than" type. . 
The earliest efforts in high- speed oil- engine 
design took the form of increased injection 
pressures and very high pressures were not uncom- 
mon. Penetration falls off as the degree of 
atomisation increases, and, as mentioned previously, 
the modern tendency is to create turbulence in 
preference to fine atomisation, either by direct 
methods or by means of the so- called "pre- 
combustion chamber ", "ante chamber" or "air cell ". 
The former method is exemplified in Fig. 13, 
which shows the combustion chamber of the 
Leyland six - cylinder 4ftin. X 5in. type. As will be 
seen from the diagram, the air is forced into a 
compact space situated in the piston head, which 
is unaffected to a large extent by any water -cooled 
surface and into which, as the piston nears the end 
of the compression stroke, the air will enter with 
a fair degree of swirl. 
The process is carried a stage further in the 
A.E.C. six -cylinder engine (Fig. 14) which develops 
130 b.h.p. at 2,400 r.p.m. In this case, the combus- 
tion chamber is located entirely within the cylinder 
head and is of spherical construction communicat- 
ing with the cylinder by a tangential air passage. 
During compression the air is forced through this 
passage and enters the combustion chamber with a 
high degree of rotational swirl, ensuring a uniform 
distribution of the fuel throughout the air. 
The pre- combustion chamber (with which the 
last mentioned type of combustion chamber 
should not be confused) is designed to use the 
partial combustion of a small portion of the fuel 
to ensure complete and rapid combustion of the 
whole. It might be considered that the pre-com- 
bustion chamber of to -day is a direct descendant 
from the Akroyd vaporiser, but actually when the 
question is considered impartially, there is no 
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of the oil into the main cylinder with a high degree 
of turbulence which ensured its rapid combustion 
with the air contained therein. 
Following the developmental work of Sabathé, 
Ricardo, Steinbecker, the A.E.G., Avid and 
Korting, L'orange by his British Patent No. 
184692, 1921, may be said to have brought the idea 
to its present state of perfection, or perhaps it might 
be better to say, imperfection. The Mercedes - 
Benz combustion chamber shown in Fig. 16 illus- 
trates a modern example of its class. The pre- 
combustion chamber communicates with the 
cylinder via holes in a separating grid. Following 
upon compression, a small portion of the oil 
injected burns,- and the remainder is forced into 
the main combustion cylinder with considerable 
FIG. 15. -The Brons cup (1904). 
justification for such a contention. In Stuart's 
May 1890 patent, where injection was at the end 
of compression, the whole of the air was corn - 
pressed into the vaporiser. In the October 1890 
patent, the function of the narrow neck was to 
make the vaporiser act as an oil- vapour isolating 
device. It is evident, therefore, that Stuart did 
not regard his vaporiser as in any way taking the 
place of the modern pre- combustion chamber. 
Technically, however, it must be looked upon as 
influencing the evolution of the modern pre-com- 
bustion chamber. 
Similarly, the Brons patent No. 14165 of 1904 
must be regarded as not anticipating but certainly 
influencing future design. In this patent (Fig. 15) 
oil is drawn during the suction stroke through the 
valve C into the capsule A in the cylinder head. 
The capsule, being provided with a number of 
fine holes near the bottom, isolated the vaporised 
oil during the suction stroke and ensured that com- 
bustion took place only towards the end of the 
compression stroke when, upon the hot compressed 
air being forced through the holes into the capsule, 
a small portion of the oil burnt increased the 
pressure within the capsule, forcing the remainder 
16.- Mercedes -Benz cylinder head. 
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FIG. 17. -Meitz and Weiss (1900). 
turbulence, thus completing combustion in a rela- 
tively short time. 
The chief advantage of this system of injection 
over direct injection is that complete and rapid 
combustion can bé obtained with a much lower 
injection pressure. Generally, the injection pressure 
in pre- combustion chamber designs is approxi- 
mately 1,2001b. per sq. inch, while it may be as 
high as 5,0001b. per sq. inch for comparable results 
in the case where direct injection is used. Such 
low injection pressures eliminate dribbling troubles, 
and have the added advantage that nozzles having 
holes of larger diameter may be used. This factor 
has the further advantage that topped residual fuels 
may be used, where on account of erosion, etc., 
their use with direct injection is impossible. 
Further, as only a small portion of the fuel is 
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burnt at constant volume, the remainder being 
burned under constant pressure conditions, 'the 
maximum pressure is not so high as in the case 
of the direct -injection system. Constant pressure 
combustion, coupled with the lower compression 
ratios usually employed in this type, have the effect, 
however, of lowering the efficiency and the brake 
m.e.p. This seems to be adversely affected to the 
extent of about 7 per cent. compared to the direct 
injection type. On account of the lower compres- 
sions obtaining with the pre- combustion chamber 
design, some form of starter is usually required. In 
most cases this consists of electrically -heated plugs. 
The air chamber method of securing rapid 
combustion in compression- ignition engines may be 
said to have originated in a patent (British No. 
21649) taken out by Meitz and Weiss in 1900 and 
shown diagrammatically in Fig. 17. It will be seen 
from this illustration that the combustion chamber 
separated from the main combustion space in the 
cylinder by a narrow neck terminates in a lip. 
Towards the end of the compression stroke fuel 
is injected through the jet which impinges on this 
lip, and is partly deflected towards the narrow neck 
in the combustion chamber E. That portion 
entering the hot bulb becomes ignited and the sub- 
sequent rise in pressure drives the unburnt oil, 
products of combustion, and air into the main 
cylinder with a high degree of turbulence ensuring 
a rapid dispersion of the unburnt oil through the 
air in the main combustion chamber. 
The modern version of the air chamber or air 
cell is due to Franz Lang, of Munich, whose patent 
was taken over by the Aero Motor Company of 
Kuersnacht and later passed into the control of the 
Robert Bosch Company, which issues licences for 
its manufacture. The original design has suffered 
considerable alteration and modification in the 
numerous British and Continental engines to which it 
has been fitted. The air cell consists of three parts :- 
(1) The air storage chamber; 
(2) the venturi; 
(3) air space in cylinder head, which is 
generally kept down to a minimum. 
The nozzle is set to inject the atomised fuel 
directly into the venturi and the ignition lag is 
sufficient to ensure that combustion originates near 
the throat, causing combustion of the air within 
the venturi at constant volume, As the piston 
descends the air within the storage chamber issues 
through the venturi and is burnt under approxi- 
mately constant pressure conditions. 
Having now traced the development of the oil 
engine and especially what may be called the logical 
supremacy of airless injection over air injection, 
it remains to consider the extent to which the oil 
engine has invaded those fields which had pre- 
viously been held by the steam or petrol engine. 
For this purpose, it is proposed to consider its 
modern application to transport by road, sea, rail 




From previous considerations dealing with the 
development of the high -speed oil engine, it will be 
apparent that, due to a relatively low b.m.e.p. and 
relatively high maximum pressure, the oil engine 
suffers the initial disadvantage that for equal power 
characteristics it is necessarily heavier than a petrol 
engine. This difference in weight, however, with 
the advanced design of the modern oil engine is 
not excessive for commercial vehicles. From an 
analysis of data relating to well -known engines 
the average weight per b.h.p. of the modern oil 
engine as applied to road transport is about 161b. 
It follows that the initial cost must be greater, 
and although the figure varies, it may, for the usual 
type of auto -oil engine, be taken as about 30 per 
cent. more than for the corresponding petrol 
engine. There are, however, many compensations 
offsetting these initial disadvantages. The high 
brake thermal efficiency of the oil engine, combined 
with the present low cost of oil fuel suitable for 
high -speed engines, make it a very attractive pro- 
position for the commercial vehicle user; apart from 
a slightly greater cylinder wear and big -end bearing 
replacements, the maintenance of the oil engine 
compares favourably with that of the petrol engine. 
FIG. 18. -B. & W. 22,500 -h.p. oil engine. 
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It is not certain that the cost of fuel oil suit- 
able for high -speed oil engines will remain at its 
present low level. Indications are not lacking that 
governments look towards taxation of imported 
fuels, and in some cases small taxes are already 
operating. It is hardly conceivable, therefore, that 
industry will for long be able to enjoy cheap fuel, 
at any rate in those countries having a plentiful 
supply of high grade coal. The matter is entirely 
different where a country is forced to import both 
oil and coal ; in that case, there is not the same 
political incentive to protect home industries. 
There must arrive a time in the development 
of the oil engine when a balance between petrol and 
oil values will have to be struck, but on account of 
the inherently high efficiency of the oil engine as 
compared with the petrol engine and its marked 
economy at low and medium operating loads, even 
in the event of the price of the two fuels reaching 
the same level, there are very few commercial con- 
cerns where the saving in fuel costs on a ton -mile 
basis would not more than offset the interest and 
depreciation on the initially higher cost of the 
heavy -oil engine. 
The first oil - engined passenger vehicle to be 
introduced into England, was a converted Karrier 
six -wheeled chassis fitted with a Mercedes -Benz 
engine. This was placed in commission by the 
Sheffield Corporation in March, 1930. Oil- engined 
omnibuses and trucks had been on the road in 
Germany since 1927, but the Sheffield omnibus 
marks a distinct milestone in oil -engined transport 
in England. Since that date the progress of the 
oil -engined omnibus and truck has advanced at 
an ever accelerating rate. Illustrating this point, 
Table II shows the number of compression -ignition 
buses operating under the Manchester Corporation 
Transport Department between May 28th, 1933 and 
May 27th, 1934. 
TABLE II. 
Month May June July Aug. Sept. Oct. Nov. 
28th 25th 30th 27th 24th 29th 26th 
No. of 
buses 54 68 70 78 81 83 92 
Month Dec. Jan. Feb. Mar. April May 
31st 28th 25th 31st 29th 27th 
No. of 
buses 88 90 94 121 128 138 
During the week ending May 27th, 1934, the 
total mileage covered was 133,933 and the gross 
estimated saving (based on previous experience) 
of fuel and lubricating oil was 1.954 pence per mile. 
After making allowance for the difference in oil 
engine licence costs this is reduced to an estimated 
net saving (not including interest, depreciation, etc.) 
of 1.644 pence per mile. As indicating the general 
trend, there are now in England over 12,000 road 
vehicles using compression -ignition engines and it 
is estimated that this number will increase at the 
rate of over 10,000 per annum. 
The design of the compression- ignition engine 
for motor vehicles closely follows that of the modern 
petrol engine. That the oil engine is in many cases 
interchangeable with the petrol engine of equal 
power on a standard chassis with the same gear 
box and overall gear ratios marks the degree of 
flexibility obtainable. The stroke -bore . ratio, on 
account of the high compression ratio and subse- 
quent small clearance space, is some 10 to 15 per 
cent. greater than the petrol engine. Aluminium 
alloy pistons are almost universally employed and 
in some cases aluminium cylinder blocks with steel 
or cast -iron heads have been successful. Crank 
shafts are usually of nickel chrome or nickel 
chrome molybdenum having a tensile strength of 
from 55 /70 tons per sq. inch. From the experience 
gained during the past five years, it can be safely 
stated that faults due to the injection system 
including the pump and atomisers are in no way 
as numerous as those experienced with the car- 
burettor and ignition system of the petrol engine. 
The modern oil pump has proved a reliable and 
stable unit over long periods of continuous working, 
and it seems reasonable to suggest that it will even- 
tually lend itself to such further refinements as will 
enable it to meter and deliver the small oil quan- 
tities necessary for the high -speed multi- cylinder 
touring car engine which must, of course, be con- 
sidered the ultimate application of the high -speed 
oil engine. 
Central Station Electrical Generation. 
Regarding the generation of electricity by oil - 
engines, the time has now arrived when special con- 
siderations determine the choice of prime movers. 
Increasing electrical system interconnection of 
generating stations throughout the world, the 
rapidly increasing demand for very large machines 
and the desirability of concentrating generation in 
fewer and fewer stations, rule out the general use 
of oil engines. Frequency control demands a high 
degree of accuracy which cannot be attained by oil - 
engined generators. Discussing tandem machines 
only, a 105,000 kW. machine is in operation at 
Battersea, London, and a 160,000 kW. machine 
has been in service several years at Hudson Avenue, 
New York. This trend is confirmed by recent 
installations in Great Britain and the data published 
by the Central Electricity Board, wherein it is seen 
that in 1934 the maximum size of machine ordered 
was 75,000 kW. and the average size 45,000 kW. 
Continental and American practice follows the 
same lines. In England the Electricity Commis- 
sioners' Annual Reports show the substantial 
decline in the number and capacity of oil- engine 
stations during recent years. The thermo- dynamic 
efficiencies of large turbo -alternators reach 35.0 per 
cent. 
Despite this trend, oil engines are favoured 
by a few station engineers for peak load purposes 
only, but in these cases the maximum capacity has 
only reached 22,500 h.p. (16,800 kW.) at 115 r.p.m. 
This engine is of the B. & W. double acting two - 
cycle type having eight cylinders 33in. diam. and 
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FIG. 19. 
S9in. stroke, the continuous normal output being 
15,000 kW. The guaranteed fuel consumption is 
put at 0.585 - 0.5801b. per kW. /hr., the lowest 
guarantee being 0.5301b. per kW./ hr. at 17,000 h.p. 
(12,700 kW.). The overall length of The engine is 
66ft., 40ft. high, 27ft. 9in. wide and weight 1,200 
tons. This machine is illustrated in Fig. 18. 
It would seem that the future application of 
the oil engine for electricity generation lies in small 
isolated places where small public, private or factory 
supplies are being initiated and where fuel oil is 
or can be made readily available. This would 
appear to cover most of the non -industrial countries 
of the world and thus the future of the oil engine 
for electricity generation is fairly well defined. 
Marine. 
In marine work the oil engine is particularly 
suitable, but it is not the Author's intention to detail 
its development. This has already been adequately 
covered by technical publications devoted to the 
subject and by many excellent papers in the pro- 
ceedings of institutions. Since the installation of 
the B. & W. oil engines in the "Selandia" in 1912 
there has been continuous progress under the most 
exacting conditions. At sea, the oil engine has 
definitely proved that it can compete in respect of 
reliability with the well established steam prime 
mover. From economical considerations, the ques- 
tion of installing oil engines is largely one of the 
relative cost and quality of coal available and the 
particular run on which the ship is engaged. With 
reasonable oil price coupled with lower production 
costs attendant upon advanced design and tech- 
nique, the advantage is becoming increasingly 
realised. Regarding the question of oil costs, it 
should be borne in mind that apart from" purely 
coastal shipping, the marine oil engine is to a large 
extent independent of that political interference 
which by the imposition of excessive taxes on 
imported fuel may retard the development of 
the oil engine on land. The world distribution 
of oil supplies ensures a freedom of purchase 
to the oil -engined ship which the land user does 
not enjoy. 
The most striking development of recent years 
is that of airless injection and the disappearance 
of air injection. As a means of establishing and 
improving the oil engine, one must look back upon 
air injection with gratitude but few will regret 
its passing. Supercharging of the four -stroke cycle 
engine, resulting in about 30 per cent. increased 
power over atmospheric induction with equal 
cylinder displacement, has almost become universal, 
and the reliability of supercharging, at one time 
considered doubtful, is now definitely established. 
Reduction in weight has been sought from two 
angles. Firstly, by a general tendency towards 
increased speeds and, secondly, by employing 
welded frame construction. The 
latter has been increasingly . used 
in land and railway oil- engine 
installations and its adaptation to 
the marine engine was inevitable. 
Illustrating this latter tendency Figs,. 
19 and 20 show the application of 
the welded frame construction to 
the Doxford oil engine. The illus- 
trations refer to the four -cylinder 
2,900 b.h.p. type as installed in the 
motorship "Devon City ". The Dox- 
f ord opposed- piston type is, of 
course, eminently suited for welded 
construction on account of the fact 
that the frame work is required to 
take only the side thrust from the 
connecting rod, but due to the possi- FIG. 20. 
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bility of the economical disposition of material 
and subsequent decrease in weight, together 
with the highly developed technique of modern 
welding methods, the principle undoubtedly must 
be extended to all types of framing. From Fig. 19 
it will be seen that the main frames are composed 
of two H sections welded together and tied with 
boiler tubes welded to the frames. The column 
bridge and cylinder supports are also of welded 
construction, the complete assembly being of 
extremely neat and pleasing appearance. In a 
later construction, the bed -plate is also of welded 
construction. Fig. 20 shows it is built up of steel 
plates and girders and the bearings carried in steel 
shells dovetailed and welded into the cross 
members. 
In spite of its long evolution and slow growth, 
the present -day marine oil engine still bears a 
striking resemblance to its predecessor and rival - 
the reciprocating steam engine. Cast -iron and 
cast -steel remain largely in its construction and 
it is in most cases directly coupled to the propeller. 
It is inconceivable that marine oil- engine designers 
can for long neglect the most recent advances in 
metallurgy and transmission, for lightness of 
modern materials allows of high speeds ; modern 
transmission systems also permit the application of 
these high speeds, and these factors combined allow 
of reduced cost and reduced space. That high 
speed is not inconsistent with reliability is shown 
by the modern aeroplane engine which, using higher 
loadings than would ever be contemplated in marine 
practice, gives a reliability in service that might 
well be envied by some of its lower speed contem- 
poraries. With its lower heat stresses and higher 
working pressures and temperatures, the high -speed 
oil engine is eminently suited for the higher 
loadings that must be undertaken if the oil engine 
is economically to take its due place in high -speed 
cargo vessels and to extend its activities to the 
larger and faster ocean liners. The high inertia 
stresses which become paramount in high speed 
work can be adequately catered for by the use of 
light alloys for pistons and even for connecting 
rods. As regards the much discussed question of 
cylinder wear, the evidence available on the matter 
would suggest that no unduly large increase is likely 
to occur with high speeds. 
The question of the type of machinery to be 
installed is invariably one of economics and the 
development of any particular class of machinery 
may, generally speaking, be traced to the economic 
conditions obtaining or estimated to obtain during 
the installation and life of that machinery. With 
the decreasing costs of oil engine manufacture con- 
sequent upon increasing production and the increas- 
ing operating efficiencies due to advanced designs, 
there is a distinct tendency on the part of ship- 
owners to increase the speed of oil -engined cargo 
vessels. Given the two factors of decreased 
interest and depreciation as a result of lower first 
costs and increased fuel economy, everything is in 
favour of increased speeds, as the fixed charges 
per ton -mile are reduced in direct proportion to 
increase of speed and, of course, more cargo can 
be carried per annum. This is providing that the 
unit weight and space of the machinery can be 
lowered per horse power. To this end, the gradual' 
tendency to "pack" power into the ship must be 
apparent. Table III, for instance, shows how the 
two- stroke oil engine has of late years made inroads. 
into the field held so long by the four -stroke unit.. 
TABLE III. 
Total oil - 
engined Percentage Percentage 
ships, single- double - 
1,000 tons Percentage acting acting 
Year. and$ver. four- stroke. two -stroke. two -stroke. 
1929 181 63.5 29.3 7.2 
1930 240 53.3 42.5 4.2 
1931 176 51.8 42.1 6.0 
1932 50 58 26 16 
1933 63 35 46 19 
Even with the double- acting two -stroke 
developed to its fullest potentiality on present lines, 
the time will arrive when the limits of usefulness . 
imposed by space, stress, and temperature con- 
siderations will prevent further development. 
Simply to state that by increased speed these 
obstacles can be overcome, is to ignore the funda- 
mental difficulties involved. Firstly, as the speed 
of the oil engine is increased it becomes increasingly 
sensitive to the quality of the fuel it uses, and with 
our present knowledge of airless injection it is 
doubtful if speeds exceeding 600 r.p.m. could be 
usefully employed with the utilization of existing 
low priced oil fuels. Secondly, it is very doubtful 
if propeller design could be successfully accommo- 
dated to the changed conditions of such speeds. 
Already, in anticipation of the dead -end of slow 
speed production, several designs embracing new 
thought on the question have been developed. 
Especially is this noticeable on the Continent, where. 
shipowners have taken serious interest in the oil' 
engine and where every encouragement is given to 
stimulating new ideas in design. 
The careful observer of tendencies in oil - 
engined ships cannot fail to have noticed the increas -- 
ing attention paid to installations of the geared oir 
engine. The troubles and fears of the immediate 
post -war period of geared- turbine installations 
having been overcome by better machine shop 
practice and by a clearer insight into the problem of 
torsional oscillation, the way has been opened for 
the adoption of the higher speed geared marine oil' 
engine, and already many installations testify to 
the economy and reliability of the system. Among- 
the earliest geared oil engine drives were several' 
paddle -wheel tow boats constructed for service on 
the river Volga in 1909. These were followed by 
the "Havelland" and "Munsterland ", built in 1921 
for the Hamburg -Amerika line. The engines of the 
latter ships were of the four -cycle single- acting- 
M.A.N. submarine type, each developing 1,700 b.h.p. 
at 230 r.p.m., being coupled rigidly by reduction 
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gearing to the propeller shafts. A gear ratio of 
1 :2.7 was employed, giving a propeller speed of 
85 r.p.m. 
During 1924 -25 the motorships "Monte 
Sarmento" and "'Monte Olivia" were completed for 
the Hamburg Sud- Amerika Line and were followed 
later by the "Monte Rosa" and "Monte Pascoal ". 
In each of these ships geared oil engines were 
installed and after ten years' service the installa- 
tions are still giving very satisfactory performance. 
The two older ships were fitted with four six - 
cylinder single- acting supercharged four -stroke 
engines built under licence from the M.A.N. by 
Messrs. Blohm and Voss. Each engine produced 
1,500 b.h.p. at 215 r.p.m. In each case two engines 
were rigidly coupled to each propeller through 
gears giving a speed reduction of 2.8: 1. The 
gears were of the herring -bone type with 45° angle 
and 0.816 circular pitch. The pinion was 32ín. 
diameter (124 teeth), the larger wheel being 90in. 
diameter (348 teeth). The later ships were 
unsupercharged, but developed the same b.h.p. by 
increasing the cylinder diameter from 231ins. to 
241%-in. The stroke was 27 %3in. in each case. 
With a view to eliminating shock and torque 
variatiòns to the gears as well as for ease in 
manoeuvring, there has been an increasing tendency 
in geared installations to insert a flexible drive 
between the engine and the gears. While the 
necessity of flexible couplings is debatable, there is 
no doubt that the practice has done much to con- 
ceal any inherent deficiencies in the system and 
to create confidence which might otherwise be 
lacking. 
The most usual form of flexible connection is 
.of the hydraulic type, typified by the Vulcan 
hydraulic coupling. This coupling, which is based 
on the design of the well -known Föttinger coupling 
and is used successfully on many Bauer -Wach 
installations, not only relieves the gears of shock 
but permits wide variations in propeller speed 
while maintaining constant engine speed. For 
manoeuvring purposes, this is a great asset. In tug 
work, for instance, since the slip of the coupling 
at low speeds is high, the tug can be brought to 
the tow comparatively slowly and evenly. A 
marine type of coupling, where means are 
available for varying the quantity of oil in 
circulation enabling any required slip to be 
made between the engine and the propeller 
for any given engine speed, is shown in 
Fig. 21. 
In order to show .the widely divergent 
use of the geared oil engine drive some 
details of recent installations are recorded 
below. 
TWIN -SCREW M.S.'S "ST. LOUIS" AND "MIL- 
WAUKEE" (17,000 TONS GROSS). 
Each ship is fitted with four six -cylinder 
M.A.N. double -acting two- stroke engines, 
each developing 3,000 b.h.p. at 220 r.p.m., 
Heavy,-oil Engine. 
FIG. 21.- Hydraulic coupling -marine type. 
two engines being coupled to each propeller shaft 
through gearing, giving á. propeller speed of 110 
r.p.m. The "St. Louis" is fitted with non -reversible 
hydraulic couplings (Fig. 22), whereas in the 
"Milwaukee" the engines are rigidly coupled. 
M.S. "SHINsu MARU" (SHIP SPEED 16 KNOTS). 
Two eight -cylinder engines, each developing 
1,350 b.h.p. at 420 r.p.m., coupled through Vulcan 
couplings to reduction gearing, giving a propeller 
speed of 90 r.p.m. 
M.S. "SIANTAR" (8,438 TONS GROSS). 
The "Siantar" was . originally fitted with 
geared turbines having a speed of 13 knots. After 
conversion to geared oil- engine drive the speed was 
increased to 15- knots. Two Schelde -Sulzer six- 
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cylinder double- acting two -stroke engines develop- 
ing 3,650 b.h.p. at 215 r.p.m., connected through 
Vulcan couplings to reduction gearing reducing the 
propeller speed to 98 r.p.m., are fitted. 
MOTOR TUG "ZWARTE ZEE ". 
Two six -cylinder Werkspoor engines of the 
two -stroke single- acting type, developing 1,680 
b.h.p. each at 275 r.p.m., are connected through 
Vulcan coupling and reduction gearing to the pro- 
peller, which has a speed of 120 r.p.m. 
M.S's. "MANOERAN" AND "MADOERA" (14,000 ToNs). 
Originally designed for steam engines with a 
speed of 12 knots, the above ships have recently 
been converted to geared oil- engine drive, increas- 
ing the speed to 15 knots. Two Werkspoor- Sulzer 
single- acting two -stroke engines, each developing 
3,350 b.h.p. at 225 r.p.m., are coupled to the pro- 
peller through Bibby couplings and gearing reduc- 
ing the propeller speed to 86 r.p.m. The gears are 
of double helical Demag type, having an efficiency on 
test of 99.1 per cent. Fig. 23 shows the layout of 
the gears and Bibby couplings. 
M.S. ".MODJoKERTo" (8,396 TONS GROSS). 
This ship of the Rotterdam Lloyd Steamship 
Co. was originally fitted with a geared turbine of 
3,500 s.h.p. New machinery consisting of two 
3,500 h.p. six -cylinder double- acting two- stroke 
M.A.N. engines 530 X 760mm. at 215 r.p.m., coupled 
FIC. 23. -M.S. "Manderan ". Showing gears and Bibby 
couplings. 
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through Vulcan couplings and geared to the same 
shaft was fitted, giving a propeller speed of 
98 r.p.m. (i.e., reduction 2.3: 1). Speed was in- 
creased from 11-i to 15¡ knots. 
"ADMIRAL SCHEER ". 
This is the second motor battleship of the 
Deutchland class, in which the machinery consists 
of eight M.A.N. nine -cylinder double -acting two - 
stroke engines, 420mm. X 580mm., of welded frame. 
construction. 7,100 b.h.p. is developed at 450 r.p.m., 
the engines being coupled in groups of four through 
Vulcan couplings and single reduction gearing to 
the two propeller shafts rotating at 350 r.p.m. 
The actual power at the propeller, allowing for 
gearing losses, is 54,000 b.h.p. 
From the short list of recent geared installa- 
tions given above, which is by no means exhaustive, 
it will be apparent that the geared oil- engine drive 
is not confined to any one type of engine or ship. 
Although several four -stroke single- acting engines 
have been geared to the propeller and experience 
extending over ten years has testified to the sound- 
ness and reliability of such installations, it will be 
readily agreed that on account of the small torque 
variations the two- stroke (and more especially the 
double -acting two -stroke) is eminently the more 
suitable type of oil engine for the purpose. With 
increased experience and confidence in the de- 
sign and running of the double- acting two -stroke, 
there is no doubt that this type will take precedence 
over its competitors for this particular type of 
installation, since it satisfies economic considera- 
tions. The chief advantages of the geared drive 
apart from those of cost, space and headroom, lie 
in the possibility of grouping a number of relatively 
small engines by coupling to one or more shafts. 
By such grouping, it becomes possible to run a 
greater or lesser number of engines at the most 
economical rating according to variations in power 
requirement and, at the same time, the possibility of 
complete breakdown becomes more remote. Not 
least among the advantages of a system utilizing 
high -speed engines is the comparative ease of 
repair on account of the reduction in size and 
weight. Inspection is simplified and from the 
psychological point of view the ease of handling 
tends to ensure that inspection is made voluntarily 
and not as is often the case with the slow -speed 
heavy engine, only when necessity compels. 
Railway Transport. 
Although petrol- driven, shunting locomotives 
and railcars have found considerable application in 
the past, it is only since the advent of the high- 
speed airless- injection oil engine that the internal 
combustion engine has become a competitor to the 
firmly -established steam engine. The petrol engine, 
by virtue of its high speed and high b.m.e.p., has 
been the principal factor in the extensive adoption 
of the oil engine for railway service, since, in spite 
of the initial disadvantage of a relatively high 
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being increasingly used. The hydraulic 
coupling used for rail traction is 
known as the traction type and differs 
somewhat from the marine type pre- 
viously described. The driven mem- 
ber B (Fig. 25) has an annular reser- 
voir C formed concentrically with the 
driven shaft D ; fixed to the driven 
member and connecting the dead 
area E of the system to the reservoir 
are scoop tubes K. At low speeds 
of the driven member B, oil flows 
from the dead area E to the reservoir 
C, but as the speed increases the 
centrifugal force transfers the oil 
from the reservoir back into the 
coupling. These actions take place during a very 
small range of speed and enable the coupling to 
function directly with the engine speed and ensure 
a smooth take off. Fig. 26 indicates the slip of 
this type of coupling plotted against speed 
expressed as a percentage of the maximum. 
A 130 h.p. oil- engine- driven railcar supplied 
to the Great Western Railway Co. by Messrs. 
Hardy Motors, Ltd., of Southall, uses a trans, 
mission system embodying the hydraulic coupling 
and the Wilson pre -selective gear -box. This car 
weighs 20 tons and is designed to seat 70 passengers. 
The engine is of standard A.E.C. type, delivering 
130 b.h.p. at 2,000 r.p.m. and the drive to the axles, 
is through the hydraulic coupling and Wilson. 
epicyclic four -gear box to a reverse gear and from. 
thence the final drive is taken to the axles by worm 
gearing. As both axles on the bogey are driven,. 
an interaxle differential gear is provided in the 
leading axlebox in order to take up any irregu- 
larities in the drive due to any slight differences: 
in driving wheel diameters. 
Another type of flexible coupling which has 
already given encouraging performance is the 
hydraulic torque converter of the Lysholm -Smith 
type. This converter is designed on the turbine. 
principle and consists of a pump wheel directly 
driven by the engine shaft and a turbine composed 
FIG. 24.- Driving bogie of French railcar. 
frictional road resistance of about 701b. per ton 
as compared with a rail resistance of about 31b. 
per ton, it has enabled the development of speedy, 
comfortable, reliable and flexible road transport. 
The railways are very much alive to the 
benefits of the oil engine as a means of speeding 
and cheapening rail transport. An endeavour will 
therefore be made to determine the place of the 
oil engine in present and future railroad develop- 
ment. As in every other, case of transport, the 
type of engine to be used is determined by the 
factors of suitability for the particular type of 
service, acceleration, speed, comfort and economy. 
As far as the first and second are concerned, the 
oil engine is definitely unsuitable for railway trac- 
tion because the demands of the service require 
high starting torque and ability to meet large and 
sudden variations in load. With its constant torque 
characteristic, the oil engine is unable to meet these 
exacting requirements and it becomes necessary to 
interpose some form of energy transformer 
between the engine and the driving wheels of the 
locomotive in order to provide the requisite 
flexibility. For the smaller types of railcar and 
shunting locomotives using engines up to 250 b.h.p. 
several types of flexible couplings are available and 
gear transmissions, hydraulic couplings, hydraulic 
torque converters and electrical transmissions have 
been used successfully on these types of locomotive. 
A typical rail car that is used extensively 
on the French railways has seating capacity 
for 62 persons and loaded weighs 35 tons. The 
power unit consists of two Saurer engines, each 
developing 130 b.h.p. at 1,500 r.p.m., located in the 
bogies at each end. The drive is transmitted to 
the wheels through a gear -box giving four forward 
speeds and reverse. Gear changing is effected 
through an oil pressure system which can be con- 
trolled from either cab. The complete driving 
bogie of a similar type of railcar used on the Paris - 
Orleans Railway, developing 185 b.h.p. at 1,000 
r.p.m., is shown in Fig. 24. . 
The introduction of the hydraulic coupling and 
the hydraulic torque converter opened up a new 
method of coupling the engine to the driving 
wheels, and systems incorporating these drives are 
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26. -Slip of hydraulic coupling. 
of three rings and connected to the driven shaft. 
Between the turbine rings are interposed two 
stationary guide rings. From the pump the liquid 
passes through the first turbine ring and is reversed 
in a guide ring, proceeding to turbine ring number 
two, again being reversed in the second guide blade 
and through the turbine 
ring, from where it returns directly to the pump. 
In the cross section shown in Fig. 27 a reverse gear 
is shown, but in the case of its application to the 
railway locomotive this gear is usually contained 
in a separate housing and actuated by vacuum 
cylinders. As will be seen from Fig. 28, the 
efficiency curve is flat over a considerable range of 
speed and consequently the necessary cooling surface 
-to be supplied for cooling the working fluid is small. 
A number of light railcars built by Messrs. 
Leyland Motors, Ltd., for the 
Z.M.S. Railway and recently placed 
in commission successfully utilize 
this latter type of hydraulic trans- 
mission in conjunction with a two - 
way disc clutch and reversing gear 
interconnected by magnetically - 
operated valves and vacuum control. 
With its full complement of 40 
passengers the car weighs 13 tons. 
The power unit, a Leyland six -cylinder 
oil engine, develops 130 b.h.p. at 
2,000 r.p.m. and is connected to the 
driving axle through one of two 
alternative drives. The first is 
through a disc clutch thence to the 
torque converter and thereafter 
through the reversing and reducing 
gearing to the driving axle. The 
:alternative drive transmitted through 
the second disc clutch gives direct 
90 100 
drive between the engine and the reduction gearing. 
As indicative of efforts to avoid the electrical 
drive for the larger type of locomotive Figs. 29 
and 30 show two examples of recent German prac- 
tice. Fig. 29 illustrates the Humboldt -Deutz 
1,000 h.p. locomotive built by Humboldt -Deutz A.G. 
The engine consists of three double- acting two - 
stroke cylinders 380mm. X 600mm. running at 
250 r.p.m., directly coupled to the driving wheels. 
For starting, the cylinders are supplied with com- 
pressed air. A more detailed view of the engines 
and cooler is shown in Fig. 30, in which A is the 
cylinder, B the scavenging air pipes, C the exhaust 
manifold, D the silencer, E the radiator with 
electrically -driven fan, F the piston cooling water 
pipes, and G the starting air valves. 
The power /weight ratio of the oil -engined 
locomotive or railcar will, of course, depend on two 
main factors. Firstly, on what extent it is desired 
to speed up existing services, and secondly, the 
type of service. For example, in the case of cer- 
tain suburban services where traffic density is high 
but not high enough to warrant a fully electrified 
system and where stations are separated by short 
distances, high power /weight ratios are necessary. 
In such cases, acceleration counts more than maxi- 
mum speed and it necessitates large powers. For 
instance, in the Leyland railcar previously described 
above, the power /weight ratio is 10 to 1 and the 
acceleration 3.25ft. per second per second. The 
high - power weight ratio enables 
attain a speed of 20 m.p.h. in 11 seconds and 
50 m.p.h. in 50 seconds. It is doubtful whether 
high ratios of the above order can be justified in 
any type of oil- engined railcar. Certainly the ser- 
vices in which it could be successfully and econo- 
mically employed only exist as a thin dividing line 
between suburban and urban requirements. The 
average power /weight ratio of the present type of 
railcar employed both in England and abroad is 
about 5 b.h.p. per ton, producing an acceleration 
250 
FIG. 27.TLysholm -Smith torque converter. 
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of about 1.6ft. per second per second, which 
is just a little higher than that of the 
average motor bus. 
While gear transmission with or without 
the interposition of the hydraulic coupling 
will doubtless find increased scope in future 
railcar development, there can be no question 
that electrical transmission represents the 
most logical means and the best technique 
in securing for the oil engine those steam 
engine characteristics so essential to satisfac- 
tory railroad performance. This is well 
established by the fact that out of the total 
number of oil -engined locomotives or rail- 
cars in service throughout the world over 
80 per cent. employ electrical transmission. 
Having now briefly traced the various 
methods available to ensure flexibility to the 
oil engine and thus render it applicable to 
railway purposes, it remains to consider the 
remaining factors which determine its suitability 
for widely varied types of service. 
On the score of reliability,, experience gained 
in Canada, South America and on the Continent 
over the last ten years, is sufficient to prove that on 
the whole a reliability factor of about 85 per cent. 
can be obtained with the oil- electric type, and a 
factor slightly less with the geared type; there is 
nevertheless a lack of consistency in operating 
results which indicates that too much care cannot 
exercised the selection for any 
given type of service. Considering that the oil 
engine is in many cases supplanting steam locomo- 
FIG. 30.- Humboldt -Deutz locomotive- details of power unit. 
tives whose designers and operators have the 
benefit of over a hundred years' experience upon 
which to draw, the results have been very satisfac- 
tory, and as experience is gained and types are 
standardized for the various services, there is no 
reason to doubt that the oil engine will rank equally 
with the steam engine as a consistently reliable 
prime mover for railway work. 
On grounds of economy much has been pub- 
lished for and against the oil- engine locomotive. 
Excluding maintenance, on which very little reliable 
data exists, the economy or otherwise of the oil - 
engined locomotive is governed by three main 
factors. Assessed in order of importance, 
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FIG. 29.- Humboldt -Deutz 1,000 -h.p. locomotive. 
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(a) The position of the country con- 
cerned with regard to mineral 
wealth. 
(b) The relative cost and value of 
coal and oil. 
(c) The relative cost of the oil engine 
as compared with the steam 
engine. 
Considering these influences in greater 
detail and in the order given above, it is 
pertinent that the greatest developments 
in oil engine railway transport have taken 
place in those countries having natural 
oil resources. In others, deficient in 
both coal and oil supplies and in certain 
countries which, although containing con 
siderable coal resources, must necessarily, 
either on account of their poor quality, 
internal transport difficulties, or the dis- 
tance of the coal fields from manufac- 
turing centres, import coal, development 
has been considerable. 
In Germany, where perhaps the most 
extensive development has recently taken 
place, the loss of coal deposits under the 
peace settlement and possibly the political 
The Origin and Development of the Heavy -oil Engine. 
policy of securing independence of internal trans- 
port facilities in the event of the Ruhr coal- 
fields being lost in war, must be regarded as 
supplying the incentive. The oil -engined battleships 
of the "Deutchland" class are further evidence that 
Germany is pinning her faith to oil and the question 
of ensuring security of supplies must be carefully 
considered in her future policy. Considering the 
state of the world to -day and the unsettled condi- 
tions prevailing, the application of the oil engine 
to general rail transport in such fortunate countries 
as Great Britain, possessing plentiful resources of 
good coal, can only be looked upon as a gesture 
or an experiment. Desirable as it may be from 
the point of view of economy, it is inconceivable 
that any Government will permit of anything like 
a general changeover from the existing steam - 
engined transport to oil transport. The most that 
can be expected in such countries, apart from 
considerations of economy, is an increase in the 
number of shunting engines and railcars operating 
on branch and suburban lines and in certain cases 
a supplementary service to main line engines. It is 
possible, of course, that hydrogenation of coal may 
become an economic possibility, but present 
methods would indicate that, due to remissions of 
Government tax on petrol, hydrogenated petrol 
may compete with the imported fuel. 
From a purely defensive view point, therefore, 
it would appear that for countries such as Great 
Britain, possessing widely distributed good- quality 
coal supplies and not possessing oil supplies, railway 
transport must be mainly supplied by steam traction 
or alternatively by complete electrification. On the 
other hand, in those countries possessing oil 
supplies or in those countries importing coal, 
present indications tend to show that the oil - 
engined locomotive will become a serious competi- 
tor of steam. 
Apart from political and geographical con- 
siderations, the factor which militates most against 
a more universal adoption of the oil engine on the 
railway is its high initial cost. Until the mechanical 
or hydraulic gear has proved that it is capable of 
efficient and economical service over prolonged 
operating periods, the alternative is electric trans- 
mission. Electric transmission is costly and as 
standard traction motors are used it is unlikely that 
any great reduction in the price of the electrical 
equipment can be expected. In a lecture* delivered 
before the Institution of 'Mechanical Engineers, 
Lt. -Col. F. R. Fell considered that with reasonable 
outputs the oil- electric locomotive using a high- 
speed oil engine could be manufactured at a cost of 
£13 10s. Od. per b.h.p. Of this amount, the oil 
engine accounted for £2 10s. Od., the installation 
including framing, cooling, etc., £3, and the elec- 
trical equipment £8. In the subsequent discussion, 
doubt was expressed concerning the possibility of 
reaching such a low figure of £13 10s. Od. per 
* "Compression- Ignition Engine and British Railways ". 
Proc. Inst. Mech. Eng., Jan., 1933, p. 3. 
b.h.p., but recent production costs would indicate 
that the sum is not very wide of the mark. 
Taking for purposes of comparison a figure of 
£13 per b.h.p., it becomes possible, after taking 
into account the ruling prices of oil and coal and 
the relative efficiencies of the oil and steam engines, 
to determine the possible extent to which the oil - 
electric locomotive may replace the steam locomo- 
tive. In this connection, it has been often pointed 
out that the oil locomotive is a twenty -four hours 
per day, six days per week unit and can therefore 
often replace two or more steam locomotives. 
While such is undoubtedly the case, the services 
in which such advantages could be utilized to the 
full are not numerous. One of the most important 
factors determining the economics of the question 
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31.- Relation of cost of oil engines to speed. 
tive remains sensibly constant the cost of the 
steam locomotive decreases rapidly with increased 
capacity. In the paper referred to, this cost varies 
from £4 10s. Od. per h.p. for a 2,000 b.h.p. main 
line passenger train, to £14 per for a light shunting 
engine of 250 h.p. It is evident, therefore, that in 
the absence of special conditions affecting the ser- 
vice, there is a definite limit to the useful adoption 
of the oil -engine locomotive. It is also evident 
that for oil- engined shunting locomotives and rail- 
cars up to 500 b.h.p. there is ample scope and it is 
in this direction that the greatest development has 
taken place. 
The employment of higher engine speeds serves 
both to cheapen and lighten the engine, and present 
indications would lead to the conclusion that oil 
engines suitable for locomotive and railcar service 
running at speeds between 1,000 and 1,500 r.p.m. 
are likely to become standardized. The decrease 
in cost with increase in speed is indicated by 
Fig. 31 taken from Lt. -Col. Fell's paper. A further 
saving in cost and weight could be accomplished 
by supercharging. In the four -stroke marine oil 
engine, supercharging is now standard, and with an 
1000 1200 1400 1600v 
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electrically- driven centrifugal supercharger a boost 
of some 30.per cent. could be obtained for starting 
and grade work, thus enabling a substantial reduc- 
tion in the weight and cost of the engine. 
Aircraft. 
The chief requirements of a successful engine 
for aircraft propulsion are lightness combined with 
maximum power output. It will be evident from 
previous consideration, that in comparison with the 
petrol engine, the oil engine having a high ratio of 
maximum pressure to b.m.e.p. suffers considerable 
Type of engine 
pumps are fitted. As a petrol engine, the weight 
was 1,3951b., or approximately 2'91b. per h.p. After 
conversion, when developing 480 b.h.p. at 1,900 
r.p.m., the weight was 1,5131b., or 3.151b. per h.p. 
The fuel consumption was 0'4231b. per b.h.p. /hour. 
The Bristol "Phoenix" is of the radial air - 
cooled type, and develops 470 b.h.p. at 1,900 r.p.m. 
The complete weight is 1,0901b., or about 2'631b. 
per b.h.p. 
During a test flight carried out on May 14th, 
1934, a "Wapiti" general purpose aeroplane 
TABLE V. 
Compression- Ignition and Petrol Nine- cylinder Air- cooled Radial Engines. 
Comparative Tabulation of Power, Consumption and Weight Data. 
Relative maximum 
output per litre. 
Take off. Flight. 
Cruising fuel 
consumption. 
lb. /b.h.p. hr. 
Weight per cruising b.h.p. 
Engine gross to B.S. Specn. No. 185 plus fuel and oil. 
2 hrs. 4 hrs. 6 hrs. 8 hrs. 10 hrs. 
Compression- Ignition, 1934 ... 100 100 0.390 4.16 5.05 5.95 6.84 7.73 
Petrol, 1930 ... 126 140 0.543 4.31 5.56 6.80 8.05 9.30 
Petrol, 1934 ... 163 174 0.491 3.88 4.99 6.10 7.21 8.32 
disadvantage from the point of ' view of a high 
power /weight ratio. This dispárity has become 
more pronounced in recent years in that with the 
introduction of volatile fuels of high octane rating, 
higher useful compression ratios can now be used 
in the petrol engine, resulting in increased efficiency, 
economy and output. 
There are, however, so many advantages 
inherent in oil- engine design and operation, that 
considerable attention has of late years been 
devoted to its development for aircraft propulsion: 
Immunity from fire risk, simplicity of design, main- 
tained output at high altitudes, low working tem- 
peratures and high efficiency combined with the 
present low cost of oil fuel being the chief charac- 
teristics which have given the incentive to this 
development. 
The Junker and Maybach engines in Germany 
and the Packard in America were among the first 
successfully developed aeroplane oil engines, and 
considerable experimental work has been carried 
out by British engineers in conjunction with the Air 
Ministry, notably on the Beardmore, Rolls -Royce 
"Condor" and Bristol "Phoenix" engines. 
A Rolls -Royce twelve -cylinder "Condor" en- 
gine has been converted to use fuel oil. The 
cylinders, which are individually mounted, have 
strengthened flanges and two Bosch type injection 
TABLE IV. 
"Bristol" Phoenix Engine. 
Type ... ... 
Bore and stroke ... 
Swept volume 
Engine r.p.m. . 
Airscrew ratio 
Rated power at normal 
r.p.m. 
Take off power at normal 
r.p.m. . 
Power at maximum r.p.m. 
Weight complete ... ... 
Fuel used ... 
9 cyl. air -cooled 
5.75in. x 7.5in. 
1,753 cub. in. 
1,900 normal 2,000 maximum 





Persian gas oil (specific 
gravity 0.839) 
FIG. 32.- Bristol Phoenix air = cooled oil engine. 
weighing 4,5641b. complete with pilot and full 
equipment attained a height of 27,460ft., creating 
a world's record for an oil -engined aeroplane. 
From comparative test records,' it was shown that 
power at altitude was maintained (as one would 
naturally expect) much better than is the case with 
the petrol engine. 
Leading particulars of the "Phoenix" engine as 
fitted to the Westland Wapiti on its record -making 
flight are given in Table IV,* and Table V* shows 
a comparative tabulation of power, consumption 
and weight for compression -ignition and petrol 
nine -cylinder air -cooled radial engines. From this 
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tabulation, it will be evident that the compression - 
ignition- engined aeroplane will show to advantage 
in all -up weight on a flight of a little over four 
hours' duration. 
Encouraging as these figures may be, it must 
be realized that oil- engine design as applied to air- 
craft is only in the experimental stage, and it is 
-quite conceivable that when full advantage is taken 
of the lower working cylinder temperature obtain- 
ing in this type of engine, and the two -stroke air - 
cooled radial engine developed as a consequence, 
it may well supersede the petrol engine in the race 
for a high power /weight ratio. 
Conclusion. 
Oil -engine development has been a continuous 
process since the eighties of last century. In any 
historical review of the subject, the names of 
Akroyd Stuart and Rudolph Diesel must stand out 
pre -eminently, but there are many workers of the 
present generation whose names will doubtless 
stand out just as clearly in the years to come when 
the history of the oil engine is written for our 
children to read. 
The oil engine to -day is making rapid inroads 
upon the fields of power production and transport. 
Its success for sea -going vessels is assured. For 
road transport, it has been proved the successor of 
the petrol engine, provided the present supply of 
cheap fuel can be maintained. 
Railway transport demands much from the 
power unit. It remains to be shown that the oil - 
engined locomotive can supplant or even compete 
with the steam locomotive for general rail trans - 
Port. 
In the air, the oil engine suffers from compara- 
tively low powef /weight ratio. In the near future, 
however, it will doubtless be used to an increasing 
extent for heavy commercial and long- distance 
passenger aircraft, and when developed as an air - 
cooled two -stroke engine its adoption may become 
universal. 
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This is a new and thoroughly revised edition of a 
book which has deservedly ranked as a standard for many 
years. While the essential character of the book has been 
preserved, the treatment of the subject, both theoretical 
and experimental, has been brought into line with modern 
knowledge and requirements; for example, in place of 
.the somewhat primitive cardboard tube and lead shot 
method of determining Joule's equivalent we are now given 
a well illustrated discussion of Callendar's method and 
apparatus. In accordance with normal lecture -room 
practice to -day, elementary calculus is used freely in the 
treatment of such matters as work performed in com- 
pressing a gas, adiabatic transformations, the Carnot cycle, 
and entropy. New aspects of the subject have been intro- 
duced, and the final chapter, on radiation, leads up to the 
fringe of the quantum theory. 
The engineering student who familiarised himself with 
the main contents of this book, particularly those parts 
relating to thermodynamics, would rest his future studies 
of the theory of heat engines upon a very secure founda- 
tion. 
"Engineering Questions and Answers ", 
Volume I. Emmott & Co., Ltd., 176pp., illus., 
6s. net. 
This is a book which should not be hastily judged by 
its title, for "Engineering Questions and Answers" does 
not introduce the reader to that doleful type of textbook, 
now fortunately rarely encountered, which attempts to 
instruct the student by asking him innumerable questions 
and supplying forthwith the innumerable answers, all 
equally terse and often incomprehensible. 
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